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Intermetallic aluminides are currently being considered for a variety of high 
temperature applications, i.e. gas turbine engines, fluidized bed combustors, in the 
aerospace, automotive and turbine power generation markets. Aircraft engine 
manufacturers are pursuing the implementation of these alloys in aircraft engines. 
This is because aluminides offer a possible combination of creep resistance and 
low density which is superior to that provided by state-of-the-art, coated 
superalloys. The long-range ordering in the lattice structure produces stronger 
bonding and closer packing between atoms mobility generally leads to slower 
diffusion processes and better creep resistance in ordered structure. Unlike 
conventional metallic alloys, the yield stress of most intermetallics increases 
substantially with the increasing temperature. 

Rare-earth elements were originally added to alloys as deoxidizers or, in the form 
of oxides, as high-temperature strengtheners. For more than 60 years, it has been 
known that the presence of rare-earth oxides (e.g. Ce02) dispersed in alloys could 
also improve oxidation resistance and improve scale adherence. Similar beneficial 
effects on oxidation behavior have been observed for the addition of small amounts 
of rare-earth elements in Cr203-forming and AI2O3. forming alloys. Later, it was 
found that the addition of oxygen-active elements such as Y, Hf, Th, Zr, Nb and Ti 
or their stable oxides to metals and high-temperature alloys also improves 
oxidation resistance and scale adherence. 

In the absence of reactive elements the major difference in the scale growth 
process between Cr203 is that, in the former, outward diffusion of chromium 
cations through oxide grain boundaries is considered to predominate at 
temperatures below 1000°C. However, in Al203, grain boundary diffusion of 
oxygen is considered the fastest. In the present work the effect of rare earth 
elements (REE's) i.e. Neodymium (Nd) and Praseodymium (Pr) on the oxidation 
behavior of a aluminide intermetallic alloys with and without rare earths has been 
evaluated, and its role on the oxidation rate, oxide morphology and formation is 
discussed. Specimens were isothermally oxidized in air at 800, 900, 1000, and 
1100°C for 48 h. It was found that a simultaneous addition (50.03wt.%) of both Nd 
and Pr, reduced the oxidation rate of the intermetallic aluminides. Analysis by 
scanning electron microscopy (SEM) revealed that the morphology of oxides 
formed on intermetallic aluminides specimens with and without REE's was very 



different. For these alloys mainly, aluminum enrichment at the metal/scale interface 
was observed. 

The objective of this project was to analyze the high temperature oxidation 
behavior of superalloys and intermetallics compounds, to identify both detrimental 
and beneficial factors that influence adherence and spallation of the protective 
oxide, and to correlate these different factors. This should lead to a deeper insight 
into the complex processes occurring concurrently during high temperature 
oxidation, and conclusions that will help to improve actual material systems for 
applications beyond today limits. 

A literature search was performed to determine which FeAl Rare Earth (RE), 
NiAIRE and TiAIRE intermetallic alloys would be used in this project. Corrosion 
resistance and spallation were the two confining variables, while alloy cost was 
also a consideration. Twelve intermetallic alloys were selected and starting with its 
manufacturing in an Arc Furnace. 

FeAl NiAl TiAl 
FeAINdPr NiAINdPr TiAINdPr 
Fe3AI NH3AI Ti3AI 
Fe3AINdPr Ni3AINdPr Ti3AINdPr 

The main conclusions reached in the present work provided a detailed comparison 
of oxidation performance of intermetallic aluminides with and without Nd and Pr in 
air at temperature range of 800-1100°C. The results based on specimen weight 
gain and microstructural characterizations indicated that Nd and Pr additions 
significantly improved the oxidation resistance of these alloys.The oxidation 
behaviors of an intermetallic aluminides in still air at 800, 900, 1000 and 1100°C 
followed a parabolic kinetic behavior. The kinetic constants for intermetallic 
aluminides without the addition of Nd and Pr were about twenty to fifty times higher 
than those with these elements regardless the temperature. Nd and Pr additions 
improved the adherence of the a-AI2C>3 scale. The morphology of the oxides 
formed on specimens with and without REEs varies significantly from fine-grained, 
platelet-like and ridges-like to convoluted oxide. 

The corrosion behavior in molten salts of Inconel 718 (IN 718) superalloy was 
investigated by Electrochemical Impedance Spectroscopy (EIS). The corrosion test 
temperatures used were salt melting points of Na2S04, 80V2O5-20Na2SO4, NaVC>3 
and natural ash (collected in a power plant). Different experimental runs were 
made attempting to establish the material behavior. The results showed that the 
corrosion process was controlled by activation and in some cases by diffusion. The 
aggressiveness of the salts increased with temperature, as indicated for the 
corrosion rates values derived. On the whole, the corrosion rates were somewhat 
similar at the lowest test temperatures. However at 588°C the 80V2O5-20Na2SO4 
salt showed a much higher corrosion rate than that recorded for Na2SC"4 or natural 
ash. The results obtained from electrochemical measurements correlated well with 
those corrosion degradation observed by SEM, and comments on the behavior 
found are made. 



CHAPTER 1 

HIGH TEMPERATURE OXIDATION BEHAVIOR OF FeaAl AND FeaAINdPr 
INTERMETALLIC ALLOYS. 

ABSTRACT 

The effect of rare earth elements (REE's) i.e. Neodymium (Nd) and Praseodymium 

(Pr) on the oxidation behavior of a FesAI intermetallic alloy with and without rare 

earths has been evaluated, and its role on the oxidation rate and oxide morphology 

and formation has been discussed. Specimens were isothermally oxidized in air at 

800, 900, 1000, and 1100°C during 48 h. It was found that a simultaneous addition 

(£0.03 wt.%) of both Nd and Pr, reduced the oxidation rate of the Fe3AI 

intermetallic alloy. Analysis by scanning electron microscopy (SEM) revealed that 

the morphology of oxides formed on Fe3AI intermetallic alloy specimens with and 

without REE's was very different. For these alloys mainly, aluminum enrichment at 

the metal/scale interface was observed. 

INTRODUCTION 

For more than 50 years, iron-aluminum intermetallic has received special interest 

because of their potentially high oxidation resistance at high temperature.[1] They 

offer a good alternative for use in automotive parts, chemical processing, and gas 

turbine technologies since they possess a high melting point, high thermal 

conductivity, excellent oxidation resistance, low density, and low cost.[2] 

Iron aluminides, based around the stoichiometric compositions of Fe3AI and FeAl, 

offer excellent resistance to oxidation and sulphidation at high temperatures, with 

low material cost and density than austenitic and ferritic stainless steels [3,4]. They 

contain enough aluminum to form a thin film of aluminum oxide (in oxidizing 

environments) that is often compact and protective. They possess relatively high 

specific strengths and suitable mechanical properties at elevated temperatures. 

They have, therefore, undergone extensive development, in the recent past, 

exclusively for high temperature applications. However, their potential use as 

structural materials at elevated temperatures has been hindered by limited ductility 



at room temperature and sharp drop in strength above 600°C. It is well established 

that the poor room temperature ductility of iron aluminides is due to hydrogen 

embrittlement [5,6]. Considerable efforts have been devoted to understand and 

improve their mechanical properties 

Iron aluminides are receiving special attention because they have a good yielding 

point between 600 and 800°C, and even up to 1000°C when they are alloyed with 

low expansion fibers such as alumina (Al203).[7] The charpy impact energy is 

satisfactory at room temperature, and, depending on the grain size, the FeAI(40 

at.%) offers a yielding point between 250 and 600 MPa, which can be increased 

with additions of Hf or B.[8] Also, ingot iron aluminides have a lower density (5.6 

g/cm3) compared that for stainless steels and some nickel-based alloys, and a 

relatively high melting point (1237°C). Their main disadvantage is their poor 

ductility at room temperature. In the last few years, some new processing routes 

have been tried to improve their ductility [9] together with the addition of fibers and 

some microalloying elements.[10] 

The good oxidation resistance of these materials is based on their ability to 

develop a protective alumina layer (AI2O3) on their surface in many high- 

temperature environments. Because alloys based on FesAI and FeAl form AI2O3 

during exposure to oxidizing gases, they typically display low oxidation rates when 

compared to iron-based and other alloys that do not form alumina in similar 

conditions. Recent studies on FesAI alloys containing 2 to 5 at.% and various minor 

additions of oxygen-active elements have shown that their long-term oxidation 

performance approximately matches that of FeCrAlY alloys and NiAl at 1000°C, but 

it is inferior at 1200 and 1300°C.[11,12] 

Another work has suggested that oxidation of iron aluminides without these 

oxygen-active elements is worse in air than in oxygen, particularly at 1000 and 

1100°C, due to internal nitridation below a defective scale. The Fe3AI alloys 

produced by ingot-metallurgy processes tended to have worse oxidation behavior, 



since they had greater spallation than oxide-dispersion-strengthened iron 

aluminides of similar composition.[11] In this work, a study of the oxidation 

behavior of ingot-metallurgy processes iron aluminides in air has been carried out. 

EXPERIMENTAL PROCEDURE 

Fe-18wt.%AI (FeuAl) and Fe-18wt.%AI-0.01wt.%Nd-0.01wt.%Pr (FeaAINdPr), 

intermetallic alloys were prepared from high purity Fe, Al, Nd and Pr elements 

(99.99%) in an electrical arc furnace using a purified argon atmosphere, from 

which rectangular strips of approximately 1.0 x 0.5 x 0.1 cm size were sectioned. 

The samples were cleaned and degreased. Afterwards, the surfaces were ground 

to 1200 grit paper, rinsed with distilled water and degreased with acetone. Each 

specimen was set on a platinum plate for weight-gain measurements in an 

electronic microbalance (sensitivity 10"6g). Experiments were conducted in an 

atmosphere of air, a fixed temperature of 800, 900, 1000 and 1100°C (± 2°C) and 

an exposure time of 48 h. The oxidized samples were analyzed using a scanning 

electron microscope (SEM-Jeol JSM-5800LV microscope) coupled with energy 

dispersive x-ray spectroscopy (EDS). These techniques are useful in 

understanding the oxidation phenomena in terms of scale morphology and 

distribution products. 

RESULTS AND DISCUSSION 

Structure and Microstructure 

Iron aluminides exhibit ordered-disorder transformations and large concentrations 

of defects that depend upon both temperature and composition [13,14]. In the Fe- 

rich portion of the FeAl binary diagram exist the disordered A2 and the ordered B2 

(FeAl) and D03 (FesAI) phases [15], as shown in Fig. 1a. It is accepted since long 

that the ordering transformations begin with the formation of small ordered nuclei, 

which eventually grow until they occupy the entire volume of the crystal, resulting in 

an anti-phase domain structure that is usually characterized by transmission 

electron microscopy [16]. Different types of antiphase boundaries are present in 

the ordered alloys depending on their structure. In B2 ordered alloys only one type 
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of antiphase boundary is found, the B2-type APB (or APB1) that is formed through 

the A2—>B2 ordering transformation and that has a fault vector ^/2<111> (where • 

is the lattice parameter of the B2 unit cell). In ordered D03 two types of anti-phase 

boundaries can appear: the APB1 that forms as above, with a fault vector 

^o/4<111 > (where U0 is the lattice parameter of the D03 unit cell) and the D03-type 

APB (or APB2) related to the B2->D03 transformation with a fault vector Do/2<100> 

[17-20]. The unit cell and the fault vectors are shown in figure 1b. 

(a) Weight Percent  Aluminum 
(b) 

TO   as M tan 

82 4<,u>      <$—7 
n, »2jf 

^bifc?f 

• Al 
Oft IEEF 

m 
Atomic Percent   Aluminum 

Figure 1. (a) Fe-AI binary phase diagram [13], (b) unit cells of the ordered B2 and D03 
phases showing displacements vectors corresponding to APB1 (in B2 cell) and APB2 
(in D03 Cell)  

Microstructural examination of the compact in the as-cast condition revealed a no 
homogeneous grain size distribution, Fig. 2, with an average size of about 400 and 
300pm for as cast Fe3AI and FeaAINdPr respectively. 

Figure 2. Some aspects of the a) as cast Fe3AI microstructure and b) as cast 
 FeaAINdPr  

Kinetics 
Figures 3 and 4 shows the weight gain per unit area against time for Fe3AI and 

Fe3AINdPr respectively; in samples oxidized in air at 800, 900, 1000 and 1100°C 



for a period of 48 hours. In all cases, a parabolic behavior was found and the rate 

constants derived for all temperatures are shown in table 1. 

The kinetic results confirmed the beneficial effect of Nd-Pr addition on the oxidation 

behavior of the FeaAl intermetallic alloys. Thus, the weight change observed for 

FeaAINdPr at 800, 900, 1000 and 1100°C was negligible (about 0.21, 0.31, 0.37 

and 0.45 mg/cm2, respectively) as compared to that for FesAI at 800, 900, 1000 

and 1100°C (3.00, 6.60, 8.11 and 9.65 mg/cm2, respectively). Fe3AI specimens 

showed cracking on the scale surface under exposition during 48 h. Regardless 

the temperature, the kinetic constants in this work were about twenty times lower 

for the alloys without the addition of Nd and Pr, on the oxidation behavior of Fe3AI 

intermetallic alloys. Thus, according with the present results, the addition of Nd-Pr 

helped to decrease the oxidation kinetics, probably by avoiding massive diffusion 

of Al towards the intermetallic/environment interface. Values of kp were calculated 

from plots of square weight-change data versus time. Activation energy for were 

determined from the plot of parabolic rate law constants (kp) in an Arrhenius 

diagram. The weight gain per unit area as a function of time, i.e. (AW/A) versus t, 

constituted the primary data and curves are shown in fig.3 and 4 for FesAI and 

FeaAINdPr respectively. The parabolic rate law was first considered as the basis of 

data processing and interpretation of results in this research work. 

500 1000  1500  2000  2500  3000 

Time, minutes 

500  1000  1500  2000  2500  3000 

Time, minutes 

Fig.3. Kinetic data for the isothermal oxidation of 
Fe3AI intermetallic alloy during oxidation at 800, 
900, 1000 and 1100°C during 48h in air. 

Fig.4. Kinetic data for the isothermal oxidation of 
Fe3AINdPr intermetallic alloy during oxidation at 
800, 900, 1000 and 1100°C during 48h in air. 
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The parabolic rate constant (Kp) is related to the weight gain (AW/A) and exposure 

time (t) by the following relation: 

\2 _ (AW/A)' = Kpt + c (1) 

where c is a constant. The rate constant Kp was obtained from the slope of the 

linear regression-fitted line of (AW/A)2 vs t plot. The rate constants are provided in 

table 1 for the experiments performed in this study. 

Table 1. Oxidation rate constant kp of alloy at different temperatures 

Intermetallic 
Alloys Kp, g2cm"V1 Kp, g2cm"V1 Kp, g2cm"V1 Kp, g2cm"V1 

800°C 900°C 1000°C 1100°C 

FeaAl 5.23x10"11 2.78x10"10 3.12x10'10 1.70x10-10 

Fe3AINdPr 2.42x10"13 5.33x10"13 8.26x10"13 1.15x10--12 

Fig. 5 shows the change in the experimentally determined values of Kp with the 

temperature for Fe3AI and FesAINdPr intermetallic alloys respectively. It is a normal 

practice to correlate the overall parabolic rate constant (Kp) and temperature 

through an Arrhenius-type equation: 

Kp = K0exp(-Q/RT) (2) 

Where R is the universal gas constant, KQ the pre-exponential factor. T is the 

absolute temperature and Q is the activation energy. 

The activation energies for this system were QFe3Ai=52 and QFe3AiNdPr=63KJ/mol. 

The values appear somewhat different than the values generally obtained for 

alumina-formation kinetics around 250kJmol"1 [21]. Babu et al. found an activation 

energy of 92 kJ/mol for oxidation kinetics of Fe25AI [22]. The activation energy 

values collected from the present kinetics data are in agreement with Babu's 

values. 

11 
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Figure 5. Activation energy for Fe3AI and Fe3AINdPr 

Morphology 

In the present study, it was clearly observed that the nature of the formed scale on 

the binary intermetallic alloy changed with temperature. This was also evident from 

morphological observations in the SEM after the Fe3AI specimens had been 

oxidized during 48h (fig. 6), Spalling of scale was more pronounced at 900 and 

1100°C oxidation temperatures. After oxidation at 800°C, the surface oxide 

morphology consisted mainly of granular oxides with some whiskers in a few 

places (fig. 6a) while, after 900°C oxidation spalling of scales was observed and 

some granular aluminum oxide were founded on the top surface, (fig.6b). At 

1000°C the scale was covered with platelet-like oxides and at 1100°C was covered 

with convoluted oxides. Morphological observations of the oxide layers indicated 

that the poor oxidation resistance was mainly evidenced by scale failure, especially 

cracking and severe spallation. 

Microalloying of REE's can significantly improve the oxidation resistance of Fe3AI 

based alloy. Compared with REE's-free alloys, the oxidation rate of REE's- 

containing alloys was sharply reduced and slight spallation signs existed on the 

surfaces of oxide scales. Scales were sometimes granular, ridges-like (fig. 7a and 

b). At 1000°C the scale was covered with thin platelet-like oxides and at 1100°C 

was covered with fine convoluted oxides (Figs. 7c and d). 

12 



Figure 6. Surface morphologies of FesAI intermetallic alloy oxidized in air at a) 800, b) 
 900, c)1000, andd)1100°C  

Comparing with others researchers results like Piotr Juzon et al. [23]. It can be 

confirm the complexity of the oxidation behavior of FesAI intermetallics. They 

established that Zr addition improved the adherence of the a-AI203 scale, while the 

pack cementation process increased the surface availability of aluminum. 

Moreover, it has been suggested that Zr-rich precipitates in the grain-boundary 

region of the alumina layer reduced the rate of scale growth by blocking the 

outward diffusion of Al cations. Fedotova et al.[24] pointed out that FeaAl oxidation 

was characterized by selective growth of very rough alumina layer containing only 

transient aluminum oxides. In addition to these transient oxides, a-AI203 stable 

phase was formed at 1000°C. At the highest temperature (1100°C), continuous 

and relatively smooth alumina layer mainly contained fine crystallites of a-AI203. 

The initial lamellar structure and phase inhomogeneity in as-Hipped FesAI samples 

are supposed to be the main factors that determine observed peculiarities after 

FesAI oxidation at 900 °C and 1000°C. B.A. Pint et al. [25]. The oxidation behavior 

of two iron aluminides was investigated in various environments at 900-1200°C. 

The effect of water vapor on total specimen mass gain was not significant. 

However, a Zr addition to Fe3AI produced a lower mass gain than measured on 

undoped FeaAI. For one heat of undoped FeaAl at 1000 and 1100°C, there was a 

13 



factor of 2 or more increase in mass gain in air compared to oxygen or Ar-20%O2, 

but this effect was not reproduced in a second heat. Nitrogen appeared to 

accelerate the oxidation rate and aluminum nitrides were observed after these and 

other exposures. 

Figure 7. Surface morphologies of Fe3AINdPr intermetallic alloy oxidized in air at a) 
 800, b) 900, c) 1000, and d) 1100°C  

According to Xinquan Yu et al. [26], the oxidation resistance of the binary Fe3AI 

decreased rapidly as the temperature increased, above 1000°C. Morphological 

observations of the oxide layers indicate that the poor oxidation resistance is 

mainly manifested by scale failure, especially cracking and severe spallation. 

Microalloying of REE's can improve the oxidation resistance of FesAI based alloy 

significantly. Compared with REE's-free alloys, the oxidation rate of REE's- 

containing alloys was sharply reduced and slight spallation signs existed on the 

surfaces of oxide scales. Scales are sometimes smooth and convoluted at 1100°C 

during 48 h (figure 7d). 

Iron aluminides depend on the formation of an alumina scale for their oxidation and 

corrosion resistance. At low concentrations of Al, internal oxidation of Al occurs 

and Fe2C>3 and Fe304 form on the exterior of the alloys. At intermediate Al 

14 



concentrations, although a transient alumina layer is formed, it tends to be 

disrupted by iron nodules. Approximately 15 at% Al must be added to Fe to 

produce a continuous layer of Al203 during oxidation. Small Cr additions reduce the 

aluminum requirement, but Ni additions require increased amounts of Al to avoid 

the formation of nodules of Fe-rich oxides that disrupt the alumina scale. In fig.8 is 

shown the cross-section of a Fe3AINdPr intermetallic alloy oxidized in air at 

1100°C, as we can see a compact and continuous alumina scale was formed on 

the surface at this temperature and no internal oxidation or void formation were 

observed. 

CONCLUSIONS 

The present work provided a detailed comparison of oxidation performance of 

Fe3AI with and without Nd and Pr in air in the temperature range of 800-1100°C. 

The results based on specimen weight gain and microstructural characterizations 

indicated that Nd and Pr additions significantly improved the oxidation resistance of 

these alloys. 
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The oxidation behavior of a FesAI and FeaAINdPr intermetallic alloys in still air at 

800, 900, 1000 and 1100°C followed a parabolic kinetic behavior. 

The kinetic constants for Fe3AI intermetallic alloys without the addition of Nd and Pr 

were about twenty times higher than those with these elements regardless the 

temperature. 

The activation energies for this system were QFe3Ai=52 and QFe3AiNdPr=63 KJ/mol 

Nd and Pr additions improved the adherence of the a-AI203 scale. 

The morphology of the oxides formed on specimens with and without REEs varies 

significantly from fine-grained, platelet-like and ridges-like to convoluted oxide. 
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CHAPTER 2 

HIGH TEMPERATURE OXIDATION BEHAVIOR OF Ni3AI AND Ni3AINdPr 
INTERMETALLIC ALLOYS. 

ABSTRACT 

The influence of rare earth elements (REE's) i.e. Neodymium (Nd) and 

Praseodymium (Pr) on the oxidation behavior of a Ni3AI intermetallic alloy with and 

without rare earths has been evaluated, and its role on the oxidation rate and oxide 

morphology and formation has been discussed. Specimens were isothermally 

oxidized in air at 800, 900, 1000, and 1100°C during 48 h. It was found that a 

simultaneous addition (£0.03 wt.%) of both Nd and Pr, reduced the oxidation rate 

of the NisAI intermetallic alloy. Analysis by scanning electronic microscope (SEM) 

revealed that the morphology of oxides formed on NisAI intermetallic alloy 

specimens with and without REE's was very different. For these alloys mainly, 

aluminum enrichment at the metal/scale interface was observed. 

INTRODUCTION 

Intermetallic compounds such as nickel aluminides (NisAI and NiAl), iron 

aluminides (FeAl, and Fe3AI) and titanium aluminides (TiAl and Ti3AI) are a class of 

advanced materials with considerable potential for low and high-temperature 

application [1-4]. Processing approaches for aluminides include casting, 

thermomechanical and powder processing of pre-alloyed powder [5]. Because of 

the potential use of nickel aluminides at high temperatures, it is imperative to 

understand and study of their oxidation behavior. It was reported that the types of 

scale (oxide or mixture of oxides) and scale morphology formed on the surface of 

the alloy during high-temperature oxidation were influenced by both the 

compositions of the gas and the alloy as well as the reaction temperature [6]. Both 

thermodynamic and kinetic factors should be considered to understand this 

complex oxidation process. Thermodynamics governs and predicts the type of 

oxide that can form under the operating conditions, and for nickel aluminides, the 

formation of alumina (Al203), nickel oxide (NiO), and nickel aluminate (NiAI204) 
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have been reported to compete with one another, depending on which one is more 

thermodynamically stable to form at the operating temperature [7-10]. 

For many years, nickel-aluminum intermetallic has received special interest 

because of their potentially high oxidation resistance at high temperature. They 

offer a good alternative for use in automotive parts, chemical processing, and gas 

turbine technologies since they possess a high melting point, high thermal 

conductivity, excellent oxidation resistance, low density, and low cost. Other work 

has suggested that oxidation of nickel aluminides without these oxygen-active 

elements is worse in air than oxygen, particularly at 1000 and 1100°C, due to 

internal nitridation below a defective scale. The NJ3AI alloys produced by ingot- 

metallurgy processes tended to have worse oxidation behavior, since they had 

greater spallation than oxide-dispersion-strengthened nickel aluminides of similar 

composition.[11] Rare-earth elements were originally added to alloys as 

deoxidizers or, in the form of oxides, as high-temperature strengtheners. For more 

than 60 years, it has been known that the presence of rare-earth oxides (e.g. 

CeC>2) dispersed in alloys could also improve oxidation resistance and improve 

scale adherence. Similar beneficial effects on oxidation behavior have been 

observed for the addition of small amounts of rare-earth elements in Cr203 and 

Al203 forming alloys. Later, it was found that the addition of oxygen-active 

elements such as Y, Hf, Th, Zr, Nb and Ti or their stable oxides to metals and high- 

temperature alloys also improves oxidation resistance and scale adherence.[12] In 

this work, a study of the oxidation behavior of ingot-metallurgy processes of nickel 

aluminides with and without Nd plus Pr, in air has been carried out. 

EXPERIMENTAL PROCEDURE 

Ni-13wt.%AI (Ni3AI) and Ni-13wt.%AI-0.01wt.%Nd-0.01wt.%Pr (Ni3AINdPr), 

intermetallic ingots were produced by a standard electrical arc furnace with a 

purified argon atmosphere using high pure Ni, Al, Nd and Pr metals (99.99%). 

Coupons with the dimensions of 1.0 x 0.5 x 0.1 cm size were sectioned from the 

cast ingot. The samples were cleaned and degreased. Afterwards, the surfaces 
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were ground to 1200 grit paper, rinsed with distilled water and degreased with 

acetone. Each specimen was set on a platinum plate for weight-gain 

measurements in an electronic microbalance (sensitivity 10"6g). Experiments were 

conducted in an atmosphere of air, a fixed temperature of 800, 900, 1000 and 

1100°C (± 2°C) and an exposure time of 48 h. The oxidized samples were 

analyzed using a scanning electron microscope (SEM-Jeol JSM-5800LV 

microscope) coupled with energy dispersive x-ray spectroscopy (EDS). These 

techniques are useful in understanding the oxidation phenomena in terms of scale 

morphology and distribution products. 

RESULTS AND DISCUSSION 

Structure and Microstructure 

In the Ni-AI alloy system, as the Al content is varied, other phases in addition to the 

y, y', and B appear. A map of all of these phases formed as a function of 

composition and temperature is called the (equilibrium) phase diagram, shown in 

Fig. 1. [13] Equilibrium here refers to the fact that the phases in the map remain 

stable over time when held at appropriate temperatures. Because the diagram 

shown here describes an alloy of two components only, Ni and Al, it is called a 

binary phase diagram. The two phases bounding the diagram (in this case face 

center cubic (fee) Al and Ni) are called the terminal phases. 

Ni crystallizes in a fee structure. If we alloy Ni by adding Al, several significant 

changes occur. For up to about 4wt%AI, there is no change in the atomic 

arrangement of Ni except an occasional Al atom replacing a Ni atom randomly, as 

in Fig. 2(a). The structure remains essentially like fee Ni, called the y phase. As the 

Al content is increased, it starts selectively replacing the corner atoms (Fig. 2(b)), 

while the atoms on the cube faces remain Ni. The share of atoms for each cell is 1 

Al and 3 Ni, giving the composition NisAI, which is known as the y' phase. If the 

alloying addition is continued, eventually at about 25 wt%AI, the crystal structure 

changes so that the comer atoms remain Ni, while Al enters the center of the cube. 

The central Al atom belongs to this cell, while the corner atoms are each shared 
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with eight cells. The overall share is therefore 1 Al and 1  Ni, providing the 

composition of NiAl, known as the B phase, Fig. 2(c). 

Atomic Percent Nickel 
20   30   40  50  60 70 BO 90 100 

1 phase 
(tee) 

500 

400 
0 
Al 

10        80       30        40       50      60       70       BO       90      100 
Weight Percent Nickel NI 

Figure 1. Ni-AI phase diagram. 2nd ed. ASM 
International; 1996.)  

Figure 2. Effect of alloying on 
crystal structure  

Microstructural examination of the compact in the as-cast condition revealed an no 
homogeneous grain size distribution, Fig. 3, with an average size of about 200 and 
100pm for as cast NJ3AI and NiaAINdPr respectively. 

Figure 3. Some aspects of the a) as cast Ni3AI microstructure and b) as cast 

Ni3AINdPr microstructure 

Kinetics . t 

Figures 4 and 5 shows the weight gain per unit area against time for NisAI arfc 

Ni3AINdPr respectively; in samples oxidized in air at 800, 900, 1000 and 1100°C 

for a period of 48 hours. In all cases, a parabolic behavior was found and the rate 

constants derived for all temperatures are shown in table 1. 
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The kinetic results confirmed the beneficial effect of Nd-Pr addition on the oxidation 

behavior of the NJ3AI intermetallic alloys. Thus, the weight change observed for 

Ni3AINdPr at 800, 900, 1000 and 1100°C was negligible (about 0.25, 0.33, 0.41 

and 0.48 mg/cm2, respectively) as compared to that for NJ3AI at 800, 900, 1000 and 

1100°C (2.15, 4.59, 8.90 and 11.83 mg/cm2, respectively). NiaAl specimens 

showed cracking on the scale surface under exposition during 48 h. Regardless 

the temperature, the kinetic constants in this work were about thirty times lower for 

the alloys without the addition of Nd and Pr, on the oxidation behavior of NJ3AI 

intermetallic alloys. Thus, according with the present results, the addition of Nd-Pr 

helped to decrease the oxidation kinetics, probably by avoiding massive diffusion 

of Al towards the intermetallic/environment interface. Values of kp were calculated 

from plots of square weight-change data versus time. Activation energy for were 

determined from the plot of parabolic rate law constants (kp) in an Arrhenius 

diagram. The weight gain per unit area as a function of time, i.e. (AW/A) versus t, 

constituted the primary data and curves are shown in fig.4 and 5 for NJ3AI and 

NiaAINdPr respectively. The parabolic rate law was first considered as the basis of 

data processing and interpretation of results in this research work. 

500 1000     1500    2000    2500     3000 

Time, minutes 

500      1000     1500     2000     2500     3000 

Time, minutes 

Fig.4. Kinetic data for the isothermal oxidation 
of Ni3AI intermetallic alloy during oxidation in 
air at 800, 900, 1000 and 1100°C during 48h. 

Fig.5. Kinetic data for the isothermal oxidation 
of Ni3AINdPr intermetallic alloy during 
oxidation in air at 800, 900, 1000 and 1100°C 
during 48h. 

The parabolic rate constant (Kp) is related to the weight gain (AW/A) and exposure 

time (t) by the following relation: 
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\2 - (AW/A)' = Kpt + c (D 

where c is a constant. The rate constant Kp was obtained from the slope of the 

linear regression-fitted line of (AW/A)2 vs t plot. The rate constants are provided in 

table 1 for the experiments performed in this study. 

Table 1. Oxidation rate constant kp of Ni3AI and NiaAINdPr intermetallic alloy at 
different temperatures 
Intermetallic 

Alloys Kp, g2cm"V1 Kp, g2cm"V1 Kp, g2cm"V1 Kp, g2cm"V1 

800°C 900°C 1000°C 1100°C 

Ni3AI 2.90x1 fJ11 1.29x1fJ10 5.28x10"10 6.28x1 fJ10 

Ni3AINdPr 4.47x1 fJ13 5.62x1 fJ13 6.45x10"13 9.22x10"13 

Fig. 6 shows the change in the experimentally determined values of Kp with the 

temperature for NJ3AI and NisAINdPr intermetallic alloys respectively. It is a normal 

practice to correlate the overall parabolic rate constant (Kp) and temperature 

through an Arrhenius-type equation: 

Kp = K0exp(-Q/RT) (2) 

Where R is the universal gas constant, Ko the pre-exponential factor. T is the 

absolute temperature and Q is the activation energy. 

The activation energies for this system were QNI3AI=132 and QNi3AiNdPr=28 KJ/mol. 

Babu et al. found an activation energy of 92 kJ/mol for oxidation kinetics of Fe25AI 

[14]. The activation energy values collected from the present kinetics data are in 

agreement with Babu's values. 
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Figure 6. Activation energy for NJ3AI and NisAINdPr intermetallic alloys 

Morphology 

In the present study, it was clearly observed that the nature of the formed scale on 

the binary intermetallic changed with temperature. This was also evident from 

morphological observations in the SEM after the Ni3AI specimens had been 

oxidized during 48h (fig. 7), Spading of scale was more pronounced at the lower 

oxidation temperatures. After oxidation at 800C, the surface oxide morphology 

consisted mainly of granular oxides (fig. 7a) while, after 900°C oxidation crystal 

chains-like scales (extrinsic ridges structure) were observed, (fig.7b), at 1000°C 

oxidation spalling of scales was observed and some plate-like aluminum oxide 

were founded on the top surface (fig.7c) and convoluted morphology during 

oxidation at 1100°C for 48 h (fig. 7d). Morphological observations of the oxide 

layers indicated that the poor oxidation resistance was mainly evidenced by scale 

failure, especially cracking and severe spallation. 
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,100um 

Figure 7. Surface morphologies of Ni;jAI intermetallic alloy oxidized in air at 
 b)900, c) 1000 and d) 1100°C  

a) 800, 

Microalloying of REE's can significantly improve the oxidation resistance of Ni3AI 

based alloy. Compared with REE's-free alloys, the oxidation rate of REE's- 

containing alloys was sharply reduced and slight spallation signs existed on the 

surfaces of oxide scales, Scales were sometimes granular, ridges-like (fig. 8a, b 

and c) and convoluted during oxidation at 1100°C for 48 h (fig. 8d). To understand 

the function of microalloying constituents during the growth of oxide scales, 

extensive studies have been conducted by many researchers. Graboski and Rehin 

[15] summarized oxidation behavior of metals and alloys implanted with various 

elements. They have found that only implanted yttrium has significant beneficial 

effects on oxidation resistance. Some beneficial effects of additions of Y, Ce, Hf, 

Y2O3, Hf02, and CeO on the development of protective oxide scales were founded 

by using surface salt-deposit techniques [16] and conventional alloying techniques. 

[17-22] Some other reactive elements, such as Th, Zr and La, also showed some 

influence on oxidation behavior; however, only a few studies were conducted on 

those elements. 
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Figure 8. Surface morphologies of NiaAINdPr intermetallic alloy oxidized in air at a) 
800, b)900, c) 1000 and d) 1100°C 

In fig. 9 is also shown the backscattered image of the cross-section of NJ3AI 

intermetallic alloy oxidized in air at 1100°C during 48h with X-ray maps of Al, Ni 

and O. 

Figure 9. cross-section general view of Ni3AI alloy oxidized in air at 1100C durig 48h 
 with X-ray maps of Al, Ni and 0  

There are several potential oxidation reactions, when Ni-AI alloys are kept in 

oxygen-containing environments at elevated temperatures. The formations of these 
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oxides (AI2O3, NiO, and NiAI204) are governed by their free energies of formation 

'AG°'; the following reactions are possible [21]: 

2AI+(3/2)02(g) = Al203(s), AG°(J)= -1,676, 000+3207 (3) 

Ni + 2AI + 202(g) = NiAI204(s), AG°(J) = -1, 843, 550 + 3697 (4) 

Ni + (1/2)02(g) = NiO(s), AG° (J) = -234, 514 + 857 (5) 

Eqs. (3) and (4) may combine to: 

NiO(s) + 2AI + (3/2)02(g) = NiAI204(s), AG°(J) = -1, 609, 036 + 2847.. (6) 

As the oxidation process continues, equilibrium between the alloy surface and the 

oxide phase is approached and the stability of the oxide nuclei determined by the 

composition of the alloy at the alloy/oxide interface is based on the following 

reactions [7]: 

4AI203(s) = 3Ni = 3NiAI204(s) + 2AI, AG°(J) = -1, 172, 500 + 172.87... (7) 

4NiO + 2AI = NiAI204(s) + 3Ni, AG°(J) = -904, 848 + 29.67 (8) 

Combining Eqs. (7) and (8), we have: 

Al203(s) + NiO(s) = NiAI204(s), AG°(J) = 66, 913 - 35.87 (9) 

The more negative the free energy of a given oxidation reaction the more 

spontaneous the reaction will be and the oxide phase resulting from this reaction is 

said to be more thermodynamically stable. Al203 and NiAI204 are considered the 

most stable oxide phases from the thermodynamic point of view. The alumina may 

form as a result of an oxidation reaction between Al atoms already present at the 

surface or diffuses across an existing oxide layer to react with 02 gas at the oxide- 

gas interface. The NiAI204 may result from either the oxidation reaction between Ni 

and Al or Al and NiO already formed at the surface with the02 gas, respectively. 

Also, the positive AG° of NiAI204 resulting from the chemical reaction between NiO 

and Al203 suggest that NiAI204 would decompose to NiO and Al203 spontaneously 
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The morphological observations and microanalyses suggest that Nd plus Pr have 

an effect on prevention of outward diffusion of cations through the short-circuit 

paths during oxidation, which prevents cavities forming near substrate-oxide 

interface, so that the alloy shows a dramatic improvement in scale adhesion. Nd 

and Pr addition can refine the oxide grains and reduce the formation of nickel or 

spinel oxides in the alumina scale. 

CONCLUSIONS 

The present work provided a detailed comparison of the oxidation performance of 

Ni3AI with and without Nd and Pr in air in the temperature range of 800-1100°C. 

The results based on specimen weight gain and microstructural characterizations 

indicated that Nd and Pr additions significantly improved the oxidation resistance of 

these alloys. 

The oxidation behavior of a Ni3AI and NigAINdPr intermetallic alloys in static air at 

800, 900, 1000 and 1100°C followed a parabolic kinetic behavior. 

The kinetic constants for NisAI intermetallic alloys without the addition of Nd and Pr 

were about thirty times higher than those with these elements regardless the 

temperature. 

The activation energies for this system were QNJ3AI =132 and QNi3AiNdPr=28 KJ/mol 

Nd and Pr additions improved the adherence of the a-AI203 scale. 

The morphology of the oxides formed on specimens with and without REEs varies 

significantly from fine-grained, plate-like and ridges-like to convoluted oxide. 
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CHAPTER 3 

HIGH TEMPERATURE OXIDATION BEHAVIOR OF T13AI AND TJ3AINdPr 
INTERMETALLIC ALLOYS. 

ABSTRACT 

The influence of rare earth elements (REE's) i.e. Neodymium (Nd) and 

Praseodymium (Pr) on the oxidation behavior of a Ti3AI intermetallic alloy with and 

without rare earths has been evaluated, and its role on the oxidation rate and oxide 

morphology and formation is discussed. Specimens were isothermally oxidized in 

air at 800, 900, 1000, and 1100°C for 48 h. It was found that a simultaneous 

addition (<0.03wt.%) of both Nd and Pr, reduced the oxidation rate of the TiaAl 

intermetallic alloy. Analysis by scanning electron microscopy (SEM) revealed that 

the morphology of oxides formed on TJ3AI intermetallic alloy specimens with and 

without REE's was very different. For these alloys mainly, aluminum enrichment at 

the metal/scale interface was observed. 

INTRODUCTION 

There are several potential applications that have been identified for TiAI-based 

alloys in the aerospace, automotive and turbine power generation markets. Aircraft 

engine manufacturers are pursuing the implementation of these alloys in aircraft 

engines. The progress in machine building, in particular, in the aerospace industry 

upon designing next-generation engines, requires new structural materials that can 

provide a higher level of service properties compared to the existing materials 

and/or a decrease in the construction weight due to the use of low-density 

materials. Therefore, it is interesting to use light alloys based on the intermetallic 

phases y-TiAl + a2-Ti3AI as structural materials, since they have a high specific 

strength, stiffness, creep resistance, and heat resistance at elevated temperatures 

(600-900°C) [1]. For example, the use of y + o2 alloys as a structural material for 

the parts of the hot path in a gas-turbine engine instead of nickel superalloys, 
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which have a significantly higher density, could substantially increase the 

thrust/weight ratio of the aircraft. 

Recent extensive engine tests of components of TiAI-based alloys such as low- 

pressure turbine blades have revealed that no serious limitations exist to aircraft 

engine applications of TiAI-based alloys [2, 3]. The automotive community is 

pursuing the qualification and introduction of exhaust valves and turbocharger 

turbine wheels of TiAI-based alloys for automotive engines. Very recently TiAl 

turbocharger turbine wheels have started to be used for commercial cars of a 

special type [4]. Thus, these high-temperature structural aluminides are entering 

the first phase of structural applications. In parallel to these recent advances in the 

research and development for structural applications, considerable progress has 

been made in the basic research of high-temperature intermetallic compounds. 

First, it should be pointed out that our understanding of deformation and creep 

mechanisms and property/microstructure relationships in TiAI-based alloys is 

substantially deepened. There has been a decade of good interaction between the 

fundamental research and the industry communities in the field of TiAI-based alloys 

and such interaction is believed to have played an important role for progress in 

the research and development of structural applications for TiAI-based alloys. 

Intermetallic compound phases identified in Ti-AI alloys, Ti3AI(a2), TiAI(y), AI2Ti and 

AbTi phases are stable at room temperature and their mechanical properties have 

been investigated using single-phase specimens. TiAI-based alloys with two-phase 

structures consisting of the major y and minor a2 phases are the most intensively 

studied materials among these aluminides and their alloys. There are two reasons 

for this. Firstly, their low density, strength and modulus retention at high 

temperatures, some tensile ductility at room temperature, and reasonably good 

oxidation resistance are very attractive as a new class of light-weight high- 

temperature materials for structural applications. Secondly, TiAI-based alloys can 

be processed more or less similarly to metals and alloys through conventional 

manufacturing processes such as ingot melting, casting, forging, precision casting 

and machining on almost conventional equipment [1-5]. 
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The good oxidation resistance of these materials is based on their ability to 

develop a protective alumina layer (Al203) on their surface in many high- 

temperature environments. Because alloys based on TiAl and TisAI form Al203 

during exposure to oxidizing gases, they typically display low oxidation rates when 

compared to iron-based and other alloys that do not form alumina in similar 

conditions. Recent research showed that the rare earth element Y can refine 

microstructure and improve oxidation resistance of TiAl alloys [6,7]. Grain size 

reached nearly 60-80um by YAI2 phase segregation at grain boundaries 

preventing grain growth [6,8], other work has suggested that oxidation of titanium 

aluminides without oxygen-active elements is worse in air than oxygen, particularly 

at 1000 and 1100°C, due to internal nitridation below a defective scale. The TiAl 

alloys produced by ingot-metallurgy processes tended to have worse oxidation 

behavior, since they had greater spallation than oxide-dispersion-strengthened 

Titanium aluminides of similar composition. In this work, a study of the oxidation 

behavior of ingot-metallurgy processes titanium aluminides in air has been carried 

out. 

EXPERIMENTAL PROCEDURE 

Ti-18wt.%AI (TisAI) and Ti-18wt.%AI-0.01wt.%Nd-0.01wt.%Pr (TiaAINdPr), 

intermetallic alloys were prepared from high purity Ti, Al, Nd and Pr elements 

(99.99%) in an electrical arc furnace using a purified argon atmosphere, from 

which rectangular strips of approximately 1.0 x 0.5 x 0.1 cm size were sectioned. 

The samples were cleaned and degreased. Afterwards, the surfaces were ground 

to 1200 grit paper, rinsed with distilled water and degreased with acetone. Each 

specimen was set on a platinum plate for weight-gain measurements in an 

electronic microbalance (sensitivity 10"6g). Experiments were conducted in an 

atmosphere of air, a fixed temperature of 800, 900, 1000 and 1100°C (+ 2°C) and 

an exposure time of 48 h. The oxidized samples were analyzed using a scanning 

electron microscope (SEM- Jeol JSM-5800LV microscope) coupled with energy 

dispersive    x-ray   spectroscopy   (EDS).    These   techniques    are    useful    in 
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understanding the oxidation phenomena in terms of scale morphology and 

distribution products. 

RESULTS AND DISCUSSION 

Structure and Microstructure 

Figure 1, shows the binary equilibrium phase diagram of Ti-AI [9]. TJ3AI 

intermetallic with the DO19 structure meets the a2 phase and enters into the 

composition of many more complex intermetallic used as high-temperature alloys. 

However, like many intermetallic, TiaAl is of low room-temperature ductility and 

strength and so can not be applied as a refractory material. The strength and 

ductility of single-crystalline TiaAl exhibit high orientation dependence. The y and a2 

lamellae in the lamellar microstructures are stacked such that a {111}y plane is 

parallel to (0001 )a2 and the closely packed directions on {111}y are parallel to 

those on (0001 )a2: However, the [110] direction and the other two [101] and [011] 

directions on (111) in the y phase are not equivalent to each other because of the 

tetragonal L10 structure of the y phase [Fig. 2(a)] while directions of <11_20> on 

the basal plane in the a phase (h.c.p.) and a2 phase (hexagonal DO19) are all 

equivalent [Fig. 2(b)]. Thus, when the y phase precipitates from the aparent phase, 

the L10 structure can be formed in six orientation variants corresponding to the six 

possible orientations of the [110] direction along a reference <11_20> direction of 

the a phase and thus of the a2 phase [10]. 
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Figure 1. Equilibrium phase diagram of Ti-AI (9) Fig. 2. Crystal structures of the 
(a) L10 and (b) D0i9 types. 

Figure 3, shows the typical microstructure of the alloy in the laboratory ingots. Both 

ingots have a lamellar microstructure, which is characteristic of cast y+a2 alloys 

and is represented by alternating y and a2 lamellae. Microstructure of the H3AI 

intermetallic alloy without REEs (Fig. 3a) has a "parquet" shape with a big grain 

size. Besides, microstructure of the TiaAINdPr as cast alloy with REE's has small 

grain size (Fig. 3b). 

V 

V" 

Zi 
Figure 3. Some aspects of microstructures of a) TisAI as cast, b) TiaAINdPr as 
cast 

Kinetics 

Figures 4 and 5 shows the weight gain per unit area against time for TJ3AI and 

Ti3AINdPr respectively; in samples oxidized in air at 800, 900, 1000 and 1100°C for 
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a period of 48 hours. In all cases, a parabolic behavior was found and the rate 

constants derived for all temperatures are shown in table 1. 

The kinetic results confirmed the beneficial effect of Nd-Pr addition on the oxidation 

behavior of the TJ3AI intermetallic alloys. Thus, the weight change observed for 

Ti3AINdPr at 800, 900, 1000 and 1100°C was negligible (about 0.25, 0.32, 0.50 

and 0.78 mg/cm2, respectively) as compared to that for TJ3AI at 800, 900, 1000 and 

1100°C (3.43, 11.86, 33.28 and 49.07 mg/cm2, respectively). Regard the 

temperature, the kinetic constants in this work were about thirteen to sixty times 

lower for the alloys without the addition of Nd and Pr, on the oxidation behavior of 

T\zA\ intermetallic alloys. Thus, according with the present results, the addition of 

Nd-Pr helped to decrease the oxidation kinetics, probably by avoiding massive 

diffusion of Al towards the intermetallic/environment interface. Values of kp were 

calculated from plots of square weight-change data versus time. Activation energy 

for were determined from the plot of parabolic rate law constants (kp) in an 

Arrhenius diagram. The weight gain per unit area as a function of time, i.e. (AW/A) 

versus t, constituted the primary data and curves are shown in fig.4 and 5 for TJ3AI 

and TiaAINdPr respectively. The parabolic rate law was first considered as the 

basis of data processing and interpretation of results in this research work. 

0   500  1000  1500  2000 2500  3000 

Time, minutes 

i  •  i  •  i  •  i  •  i  • 

500  1000  1500  2000  2500  3000 

Time, minutes 

Fig.4. Kinetic data for the isothermal oxidation 
of TiaAl intermetallic alloy during oxidation at 
800,900, 1000 and 1100°C, in airfor48h. 

Fig.5. Kinetic data for the isothermal oxidation 
of Ti3AINdPr intermetallic alloy during 
oxidation at 800, 900, 1000 and 1100°C, in air 
for 48h. 
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The parabolic rate constant (Kp) is related to the weight gain (AW/A) and exposure 
time (t) by the following relation: 

\2 _ (AW/A)' = Kpt + c (1) 

where c is a constant. The rate constant Kp was obtained from the slope of the 
linear regression-fitted line of (AW/A)2 vs t plot. The rate constants are provided in 
table 1 for the experiments performed in this study. 

Table 1. Oxidation rate constant /cp of TJ3AI and TiaAINdPr Intermetallic alloys at 
different temperatures. 
Intermetallic 

Alloys Kp, g2cm~V1 Kp, g2cm-V Kp, g2cm"V1 Kp, g2cm"V1 

800°C 900°C 1000°C 1100°C 

TiaAl 7.65x1 fJ11 7.47x10'10 6.75x1 fJ9 1.50x1fJ-8 

Ti3AINdPr 3.48x1 0"13 5.93x10"13 1.40x10-12 3.71x10"12 

Fig. 6 shows the change in the experimentally determined values of Kp with the 

temperature for TJ3AI and Ti3AINdPr intermetallic alloys respectively. It is a normal 

practice to correlate the overall parabolic rate constant (Kp) and temperature 

through an Arrhenius-type equation: 

Kp = K0exp(-Q/RT) (2) 

Where R is the universal gas constant, Ko the pre-exponential factor. T is the 

absolute temperature and Q is the activation energy. 

The activation energies for this system were QTi3Ai=223 and Q-n3AiNdPr=96 KJ/mol. 

The values appear somewhat different than the values generally obtained for 

alumina-formation kinetics around 250kJmol"1 [11]. Babu et al. found an activation 

energy of 92 kJ/mol for oxidation kinetics of Fe25AI [12]. The activation energy 

values collected from the present kinetics data are in agreement with Babu's 

values. 
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Figure 6. Activation energy for Tii^AI and TJ3AINdPr 

Morphology 

In the present study, it was clearly observed that the nature of the formed scale on 

the binary intermetallic alloy do not presented changed with temperature at 900, 

1000 and 1100°C. This was also evident from morphological observations in the 

SEM after the TisAI specimens had been oxidized during 48h (fig. 7b,c,d), while, 

after 900°C oxidation the scale consist mainly of granular and plate-like oxides (fig. 

7a). The oxidation characteristics of titanium aluminides at high temperatures are a 

major concern. In general, unlike Ni-AI alloys, a protective AI2O3 layer does not 

form on all the Ti-AI system because both Ti and Al form oxides of very similar 

stability. Aluminum forms a very slow growing a-AI203), while titanium forms 

several oxides (TiO, Ti02, Ti203, etc.), which have relatively high growth rates. It 

has been observed that a protective continuous layer of alumina is formed on Ti-AI 

alloys containing more than the stoichiometric amount of Al. TiAb is the only 

compound on which a protective, continuous a-AI203 was found to exist over a 

wide temperature range. [13-16] A nonprotective TiO was found to be the major 

oxide constituent on the surface of Ti3AI at elevated temperatures.[17,18] In the 

case of a TiAl stoichiometric compound, Ti-rich scales were formed at elevated 

temperatures resulting in an increase in the parabolic rate constant [17] by several 

orders of magnitude. Meier et a/.[19] studied the oxidation behavior of TiAl in air 
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and oxygen and observed that TiAl does not form a protective layer of a-AI2C>3 but 

forms scales composed of Ti02 and Al203. Their results indicate that the alloys in 

the Al-rich portion of the TiAl field formed a protective layer over the temperature 

range 1100°C to 1300°C. 

In this study, isothermal oxidation of Ti-18wt.%AI alloy was studied in air over the 

temperature range of 800 to 1100°C. Oxidation rate constants were obtained from 

the weight gain curves using the parabolic law. The oxidation product was a 

mixture of Ti02 and Al203 at 900, 1000 and 1100°C. While, after 800°C oxidation 

the external scale was not formed instead some distributed aluminum oxide 

nodules were formed (fig.8a). The rate of oxidation was rapid at 1000 and 1100°C 

for TJ3AI intermetallic alloys without REE's. 

Figure 7. Superficial morphologies of Ti3AI intermetallic alloy oxidized in air at a) 800, 
 b)900, c)1000, d)1100°C  

Microalloying of REE's can significantly improve the oxidation resistance of TJ3AI 

based alloy. Compared with REE's-free alloys, the oxidation rate of REE's- 

containing alloys was sharply reduced and not spallation signs existed on the 

surfaces of oxide scales. Scales were always granular-like (fig. 8a to d) at all the 

temperatures. 

39 



Figure 8. Superficial morphologies of TiaAINdPr intermetallic alloy oxidized in 
air at a) 800, b) 900, c) 1000, d) 1100°C  

CONCLUSIONS 

The present work provided a detailed comparison of oxidation performance of TJ3AI 

with and without Nd and Pr in air in the temperature range of 800-1100°C. The 

results based on specimen weight gain and microstructural characterizations 

indicated that Nd and Pr additions significantly improved the oxidation resistance of 

these alloys. 

The oxidation behavior of a TJ3AI and TiaAINdPr intermetallic alloys in still air at 

800, 900, 1000 and 1100°C, followed a parabolic kinetic behavior. 

The kinetic constants for Ti3AI intermetallic alloys without the addition of Nd and Pr 
were about forty times higher than those with these elements regardless the 
temperature. 

The activation energies for this system were QTi3Ai=223 and Q-n3AiNdPr=96 KJ/mol 
Nd and Pr additions improved the adherence of theTi02 and a-AI203 scale. 

The morphology of the oxides formed on specimens with and without REEs does 
not vary in shape, but the sizes have been change with the temperature. 
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CHAPTER 4 

HIGH TEMPERATURE OXIDATION BEHAVIOR OF FeAl AND FeAINdPr 
INTERMETALLIC ALLOYS. 

ABSTRACT 

The influence of rare earth elements (REE's) i.e. Neodymium (Nd) and 

Praseodymium (Pr) on the oxidation behavior of a FeAl intermetallic alloy with and 

without rare earths has been evaluated, and its role on the oxidation rate and oxide 

morphology and formation is discussed. Specimens were isothermally oxidized in 

air at 800, 900, 1000, and 1100°C for 48 h. It was found that a simultaneous 

addition (<0.03 wt.%) of both Nd and Pr, reduced the oxidation rate of the FeAl 

intermetallic alloy. Analysis by scanning electron microscopy (SEM) revealed that 

the morphology of oxides formed on FeAl intermetallic alloy specimens with and 

without REE's was very different. For these alloys mainly, aluminum enrichment at 

the metal/scale interface was observed. 

INTRODUCTION 

For more than 50 years, iron-aluminum intermetallic have received special interest 

because of their potentially high oxidation resistance at high temperature.[1] They 

offer a good alternative for use in automotive parts, chemical processing, and gas 

turbine technologies since they possess a high melting point, high thermal 

conductivity, excellent oxidation resistance, low density, and low cost.[2] 

Iron aluminides, based around the stoichiometric compositions of Fe3AI and FeAl, 

offer excellent resistance to oxidation and sulphidation at high temperatures, with 

low material cost and density than austenitic and ferritic stainless steels [3,4]. They 

contain enough aluminum to form a thin film of aluminum oxide (in oxidizing 

environments) that is often compact and protective. They possess relatively high 

specific strengths and suitable mechanical properties at elevated temperatures. 

They have, therefore, undergone extensive development, in the recent past, 

exclusively for high temperature applications. However, their potential use as 
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structural materials at elevated temperatures has been hindered by limited ductility 

at room temperature and sharp drop in strength above 600°C. It is well established 

that the poor room temperature ductility of iron aluminides is due to hydrogen 

embrittlement [5,6]. Considerable efforts have been devoted to understand and 

improve their mechanical properties 

Iron aluminides are receiving special attention because they have a good yielding 

point between 600 and 800°C, and even up to 1000°C when they are alloyed with 

low expansion fibers such as alumina (Al203).[7] The charpy impact energy is 

satisfactory at room temperature, and, depending on the grain size, the FeAI(40 

at.%) offers a yielding point between 250 and 600 MPa, which can be increased 

with additions of Hf or B.[8] Also, ingot iron aluminides have a lower density (5.6 

g/cm3) compared that for stainless steels and some nickel-based alloys, and a 

relatively high melting point (1237°C). Their main disadvantage is their poor 

ductility at room temperature. In the last few years, some new processing routes 

have been tried to improve their ductility[9] together with the addition of fibers and 

some microalloying elements.[10] A method that has been used successfully has 

been spraying, which avoids macrosegregation and minimizes microsegregation. 

The good oxidation resistance of these materials is based on their ability to 

develop a protective alumina layer (AI2O3) on their surface in many high- 

temperature environments. Because alloys based on FesAI and FeAl form Al203 

during exposure to oxidizing gases, they typically display low oxidation rates when 

compared to iron-based and other alloys that do not form alumina in similar 

conditions. Other work has suggested that oxidation of iron aluminides without 

these oxygen-active elements is worse in air than oxygen, particularly at 1000 and 

1100°C, due to internal nitridation below a defective scale. The FeAl alloys 

produced by ingot-metallurgy processes tended to have worse oxidation behavior, 

since they had greater spallation than oxide-dispersion-strengthened iron 

aluminides of similar composition.[11,12]. In this work, a study of the oxidation 

behavior of ingot-metallurgy processes iron aluminides in air has been carried out. 
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EXPERIMENTAL PROCEDURE 

Fe-28wt.%AI (FeAl) and Fe-28wt.%AI-0.01wt.%Nd-0.01wt.%Pr (FeAINdPr), 

intermetallic alloys were prepared from high purity Fe, Al, Nd and Pr elements 

(99.99%) in an electrical arc furnace using a purified argon atmosphere, from 

which rectangular strips of approximately 1.0 x 0.5 x 0.1 cm size were sectioned. 

The samples were cleaned and degreased. Afterwards, the surfaces were ground 

to 1200 grit paper, rinsed with distilled water and degreased with acetone. Each 

specimen was set on a platinum plate for weight-gain measurements in an 

electronic microbalance (sensitivity 10"6g). Experiments were conducted in an 

atmosphere of air, a fixed temperature of 800, 900, 1000 and 1100°C (+ 2°C) and 

an exposure time of 48 h. The oxidized samples were analyzed using a scanning 

electron microscope (SEM- Jeol JSM-5800LV microscope) coupled with energy 

dispersive x-ray spectroscopy (EDS). These techniques are useful in 

understanding the oxidation phenomena in terms of scale morphology and 

distribution products. 

RESULTS AND DISCUSSION 

Structure and Microstructure 

Iron aluminides exhibit ordered-disorder transformations and large concentrations 

of defects that depend on temperature and composition [13,14]. In the Fe-rich 

portion of the FeAl binary diagram exist the disordered A2 and the ordered B2 

(FeAl) and D03 (FeaAl) phases [15], as shown in Fig. 1a. It is accepted since long 

that the ordering transformations begin with the formation of small ordered nuclei, 

which eventually grow until they occupy the entire volume of the crystal, resulting in 

an anti-phase domain structure that is usually characterised by transmission 

electron microscopy [16]. Different types of antiphase boundaries are present in 

the ordered alloys depending on their structure. In B2 ordered alloys only one type 

of antiphase boundary is found, the B2-type APB (or APB1) that is formed through 

the A2->B2 ordering transformation and that has a fault vector H/2<111> (where • 
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is the lattice parameter of the B2 unit cell). In ordered D03 two types of anti-phase 

boundaries can appear: the APB1 that forms as above, with a fault vector 

J0/4<111> (where 3 o is the lattice parameter of the D03 unit cell) and the DOytype 

APB (or APB2) related to the B2->D03 transformation with a fault vector ^0/2<100> 

[17-19]. The unit cell and the fault vectors are shown in figure 1b. 

(a) Weight Percent Aluminum 
M> » «0 MMTOMMIOO 
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a, - -.' 

DO,   „,i(lW) 

•0 H « «0 N 79 

Atomic Percent Aluminum 

Figure 1. (a) Fe-AI binary phase diagram [13], (b) unit cells of the ordered B2 and D03 
phases snowing displacements vectors corresponding to APB1 (in B2 cell) and APB2 
 (in D03 Cell)  

Microstructural examination of the compact in the as-cast condition revealed an no 
homogeneous grain size distribution, Fig. 2, with an average size of about 400 and 
280pm for as cast FeAl and FeAINdPr respectively. 

Figure 2. Some aspects of the a) FeAl as cast microstructure and b) FeAINdPr as cast 
microstructure 

Kinetics 

Figures 3 and 4 shows the weight gain per unit area against time for FeAl and 

FeAINdPr respectively; in samples oxidized in air at 800, 900, 1000 and 1100°C for 
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a period of 48 hours. In all cases, a parabolic behavior was found and the rate 

constants derived for all temperatures are shown in table 1. 

The kinetic results confirm the beneficial effect of Nd-Pr addition on the oxidation 

behavior of the FeAl intermetallic alloys. Thus, the weight change observed for 

FeAINdPr at 800, 900, 1000 and 1100°C was negligible (about 0.13, 0.20, 0.30 and 

0.36 mg/cm2, respectively) as compared to that of FeAl at 800, 900, 1000 and 

1100°C (3.00, 4.86, 7.07 and 9.55 mg/cm2, respectively). FeAl specimens showed 

cracking on the scale surface under exposition for 48 h. Irrespective of 

temperature, the kinetic constants in this work are about twenty times below the 

ones without the addition of Nd and Pr, on the oxidation behavior of FeAl 

intermetallic alloys. Thus, according with the present results, the addition of Nd-Pr 

helps to decrease the oxidation kinetics, probably by avoiding massive diffusion of 

Al towards the intermetallic/environment interface. 

The isothermal oxidation behavior is reported together with the morphology of the 

oxidation products formed on the FeAl intermetallics. The results are discusses in 

terms of the oxidation kinetics and the negative or positive influence of the reactive 

elements. Though the intermetallics based on the system FeAl have shown good 

resistance against isothermal oxidation at high temperature, in previous studies it 

has been observed the spalling of oxide scale formed on this type of intermetallics 

[20]. Further, it has been reported that the alumina scale formed on the FeAl 

(40at.%AI) alloy has cracked considerably during oxidation tests between 900 and 

1100 °C. Similar results have been observed in intermetallics with additions of B 

and Al203 oxidized isothermally at 1100 °C [21]. The results of the weight gain 

plots indicate that the process of oxidation did follow a parabolic behavior. 
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Fig.3. Kinetic data for the isothermal oxidation 
of FeAl intermetallic alloy during oxidation at 
800, 900, 1000 and 1100°C for48h. 

Fig.4. Kinetic data for the isothermal oxidation 
of FeAINdPr intermetallic alloy during 
oxidation at 800, 900, 1000 and 1100°C for 
48h. 

The parabolic rate constant (Kp) is related to the weight gain (AW/A) and exposure 

time (t) by the following relation: 

(AW/A)2 = Kpt + c (1) 

where c is a constant. The rate constant Kp was obtained from the slope of the 

linear regression-fitted line of (AW/A)2 vs t plot. The rate constants are provided in 

table 1 for the experiments performed in this study. 

Table 1. Oxidation rate constant kp of alloy at different temperatures 

Intermetallic 
Alloys Kp, g2cm"V1 Kp, g2cm"V1 Kp, g2cm"V1 Kp, g2cm"V1 

800°C 900°C 1000°C 1100°C 

FeAl 6.17x1fJ11 1.20x10"10 2.90x10"10 5.02x10"10 

FeAINdPr 1.05x10"13 2.22x10'13 5.57x10"13 6.5x10"13 

Fig. 5 shows the change in the experimentally determined values of Kp with the 

temperature for FeAl and FeAINdPr intermetallic alloys respectively. It is a normal 

practice to correlate the overall parabolic rate constant (Kp) and temperature 

through an Arrhenius-type equation: 

Kp = K0exp(-Q/RT) (2) 
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Where R is the universal gas constant, Ko the pre-exponential factor. T is the 

absolute temperature and Q is the activation energy. 

The activation energies for this system were QFeAi=88 and QFeAiNdPr=79 KJ/mol. 

Babu et al. found an activation energy of 92 kJ/mol for oxidation kinetics of Fe25AI 

[22]. The activation energy values collected from the present kinetics data are in 

agreement with Babu's values. 
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Figure 5. Activation energy for FeAl and FeAINdPr 

Morphology 

In the present study, it was clearly observed that the nature of the formed scale on 

the binary intermetallic alloy changed with temperature. This was also evident from 

morphological observations in the SEM after the FeAl specimens had been 

oxidized during 48h (fig. 6), Spalling of scale was more pronounced at 900 and 

1100°C oxidation temperatures. After oxidation at 800°C, the surface oxide 

morphology consisted mainly of conic-like oxides with some granular oxides in a 

few places (fig. 6). 

Iron aluminides depend on the formation of an alumina scale for their oxidation and 

corrosion resistance. At low concentrations of Al, internal oxidation of Al occurs 

and Fe203 and Fe304 form on the exterior of the alloys. At intermediate Al 

concentrations, although a transient alumina layer is formed, it tends to be 

disrupted by iron nodules. Approximately 15 at% Al must be added to Fe to 
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produce a continuous layer of Al203 during oxidation. Small Cr additions reduce the 

aluminum requirement, but Ni additions require increased amounts of Al to avoid 

the formation of nodules of Fe-aluminum rich oxides that disrupt the alumina scale. 

In the case of FeAl intermetallic alloy oxidized at 800 and 900°C it can be seen an 

external scale of iron oxide and under this scale a rich aluminum oxide was found 

(fig- 6). 

Figure 6. Superficial morphologies of FeAl intermetallic alloy oxidized in air at 
800°C and cross-section general view with X-ray maps of Al, Fe and O.  

Microalloying of REE's can improve the oxidation resistance of FeAl based alloy 

significantly. Compared with REE's-free alloys, the oxidation rate of REE's- 

containing alloys was sharply reduced and slight spallation signs existed on the 

surfaces of oxide scales. Scales are sometimes smooth at 800°C and convoluted 

at  1100°C oxidized  in  air during 48 h  (fig.  7).  In fig.  7  is also shown the 
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backscattered image of the cross-section of FeAINdPr intermetallic alloy oxidized 

in air at 800°C with X-ray maps of Al, Fe and O. 

Figure 7. Superficial morphologies of FeAINdPr intermetallic alloy oxidized in 
air at 800°C and cross-section general view with X-ray maps of Al, Fe and O. 

Fig. 8. Show the line profile of FeAINdPr intermetallic alloy oxidized at 1100°C 

during 48h. The alumina containing very little iron equilibrates with Fe-AI alloys 

over their whole composition range. The values for the dissociation pressure of a- 

Al203 coexisting with the binary alloys can be determined by the following reaction: 

For which 

2AI (alloy) + (3/2)02 = Al203 

•v 

PQ =[alloy + alumina]-a'Al exp 
< 2AG; ^ 

2.425A'10"1<7ftM 

where: 
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LAI = is the aluminum activity in the alloy = 1.7E-2 a 1273 K [12] 
AG, = is the standard free energy of formation of alumina = -840 kJ/mol a 1273 K 
T = test temperature= 1273 K (1000 °C) 
R= gas constant =8.314472 J/mol K 

On the other hand, previous studies have demonstrated that for a binary Fe-AI 

alloy, it is needed between 16 to 19at.%AI to suppress the internal oxidation and 

the growth of iron oxides at 800-900 °C, so that only a scale of Al203 is formed[23]. 

Whereas Rylnikov [24] mentions that 30 at.%AI is necessary for a suitable 

protection between 900 and 1100°C. Finally, Tortorelli et al. [25] showed that Al203 

is the main external oxide in alloys with Al content more than 15wt.%. In this study 

was found an external protective scale of AI2O3 for the FeAINdPr intermetallic alloy 

at all the working temperatures. 

Figure 10. cross-section backscattered general view of FeAINdPr alloy oxidized in air 
 at 1100C during 48h and line profile (LP) of Fe, Al and O.  

CONCLUSIONS 

The present work provided a detailed comparison of oxidation performance of FeAl 

with and without Nd and Pr in air at the temperature range of 800-1100°C. The 
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results based on specimen weight gain and microstructural characterizations 

indicated that Nd and Pr additions significantly improved the oxidation resistance of 

these alloys. 

The oxidation behavior of a FeAl and FeAINdPr intermetallic alloys in still air at 

800, 900, 1000 and 1100°C followed a parabolic kinetic behavior. 

The kinetic constants for FeAl intermetallic alloys without the addition of Nd and Pr 

were about twenty times higher than those with these elements regardless the 

temperature. 

The activation energies for this system were QFeAi=88 and QFeAiNdPr=79 KJ/mol 

Nd and Pr additions improved the adherence of the a-AI2C>3 scale. 

The morphology of the oxides formed on specimens with and without REEs varies 

significantly from fine-grained, platelet-like and ridges-like to convoluted oxide. 
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CHAPTER 5 

HIGH TEMPERATURE OXIDATION BEHAVIOR OF NiAl AND NiAINdPr 
INTERMETALLIC ALLOYS. 

ABSTRACT 

The influence of rare earth elements (REE's) i.e. Neodymium (Nd) and 

Praseodymium (Pr) on the oxidation behavior of a NiAl intermetallic alloy with and 

without rare earths has been evaluated, and its role on the oxidation rate and oxide 

morphology and formation is discussed. Specimens were isothermally oxidized in 

air at 800, 900, 1000, and 1100°C for 48 h. It was found that a simultaneous 

addition (<0.03 wt.%) of both Nd or Pr, reduced the oxidation rate of the NiAl 

intermetallic alloy. Analysis by scanning electronic microscope (SEM) revealed that 

the morphology of oxides formed on NiAl intermetallic alloy specimens with and 

without REE's was very different. For these alloys mainly, aluminum enrichment at 

the metal/scale interface was observed. 

INTRODUCTION 

Intermetallic compounds such as nickel aluminides (NiAl and NJ3AI), iron 

aluminides (FeAl, and Fe3AI) and titanium aluminides (TiAl and Ti3AI) are a class of 

advanced materials with considerable potential for low and high-temperature 

application [1-5]. Processing approaches for aluminides include casting, 

thermomechanical and powder processing of pre-alloyed powder [6]. Because of 

the potential use of nickel aluminides at high temperatures, it is imperative to 

understand and study their oxidation behavior. It was reported that the types of 

scale (oxide or mixture of oxides) and scale morphology formed on the surface of 

the alloy during high-temperature oxidation were influenced by both the 

compositions of the gas and the alloy as well as the reaction temperature [7]. Both 

thermodynamic and kinetic factors should be considered to understand this 

complex oxidation process. Thermodynamics governs and predicts the type of 

oxide that can form under the operating conditions, and for nickel aluminides, the 

formation of alumina (Al203), nickel oxide (NiO), and nickel aluminate (NiAI204) 
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have been reported to compete with one another, depending on which one is more 

thermodynamically stable to form at the operating temperature [8-11]. 

For many years, nickel-aluminum intermetallic have received special interest 

because of their potentially high oxidation resistance at high temperature.[1] They 

offer a good alternative for use in automotive parts, chemical processing, and gas 

turbine technologies since they possess a high melting point, high thermal 

conductivity, excellent oxidation resistance, low density, and low cost.[2]. Other 

work has suggested that oxidation of nickel aluminides without these oxygen-active 

elements is worse in air than oxygen, particularly at 1000 and 1100°C, due to 

internal nitridation below a defective scale. The NJ3AI alloys produced by ingot- 

metallurgy processes tended to have worse oxidation behavior, since they had 

greater spallation than oxide-dispersion-strengthened nickel aluminides of similar 

composition.[7] In this work, a study of the oxidation behavior of ingot-metallurgy 

processes of nickel aluminides in air has been carried out. 

EXPERIMENTAL PROCEDURE 

Ni-30wt%AI (NiAl) and Ni-30wt%A1-0.01Nd-0.01Pr (NiAINdPr), intermetallic ingots 

were produced by a standard electrical arc furnace with a purified argon 

atmosphere using high pure Ni, Al, Nd and Pr metals (99.99%), Coupons with the 

dimensions of 1.0 x 0.5 x 0.1 cm size were sectioned from the cast ingot. The 

samples were cleaned and degreased. Afterwards, the surfaces were ground to 

1200 grit paper, rinsed with distilled water and degreased with acetone. Each 

specimen was set on a platinum plate for weight-gain measurements in an 

electronic microbalance (sensitivity 10"6g). Experiments were conducted in an 

atmosphere of air, a fixed temperature of 800, 900, 1000 and 1100°C (+ 2°C) and 

an exposure time of 48 h. The oxidized samples were analyzed using a scanning 

electron microscope (SEM- Jeol JSM-5800LV microscope) coupled with energy 

dispersive    x-ray    spectroscopy    (EDS).    These    techniques    are    useful    in 
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understanding the oxidation phenomena in terms of scale morphology and 

distribution products. 

RESULTS AND DISCUSSION 

Structure and Microstructure 

In the Ni-AI alloy system, as the Al content is varied, other phases in addition to the 

y, y', and p appear. A map of all of these phases formed as a function of 

composition and temperature is called the (equilibrium) phase diagram, shown in 

Fig. 1, (based on Binary alloys phase diagrams. 2nd ed. ASM International; 1996.). 

Equilibrium here refers to the fact that the phases in the map remain stable over 

time when held at appropriate temperatures. Because the diagram shown here 

describes an alloy of two components only, Ni and Al, it is called a binary phase 

diagram. The two phases bounding the diagram (in this case fee Al and Ni) are 

called the terminal phases. 

Ni crystallizes in a face center cubic (fee) structure. If we alloy Ni by adding Al, 

several significant changes occur. For up to about 4wt%AI, there is no change in 

the atomic arrangement of Ni except an occasional Al atom replacing a Ni atom 

randomly, as in Fig. 2(a). The structure remains essentially like fee Ni, called the y 

phase. As the Al content is increased, it starts selectively replacing the corner 

atoms (Fig. 2(b)), while the atoms on the cube faces remain Ni. NiAl has the 

ordered B2 crystal structure, which is derived from the body centered cubic 

structure by placing all the nickel atoms at the cube corners and the aluminum 

atoms at the body centers of each unit cell. The central Al atom belongs to this cell, 

while the corner atoms are each shared with eight cells. The overall share is 

therefore 1 Al and 1 Ni, providing the composition NiAl, known as the p phase, Fig. 

2(c). Nevertheless, due to its high melting point, low density, high thermal 

conductivity, and good oxidation resistance, NiAl is very attractive as a potential 

high-temperature structural material. Unfortunately, it suffers from the twin 

drawback of poor fracture resistance at low temperatures and inadequate strength 
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at high temperatures, both of which need to be overcome before NiAl will find 

extensive engineering application. 
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Figure 1. Ni-AI phase diagram. 2nd ed. ASM 
International; 1996.)  

Figure 2. Effect of alloying on 
crystal structure  

Microstructural examination of the compact in the as-cast condition revealed a no 
homogeneous grain size distribution, Fig. 3, with an average size of about 200 and 
400 urn for as cast NiAl and NiAINdPr respectively. 

Figure 3. Some aspects of the a) as cast NiAl microstructure and b) as cast 

NiAINdPr microstructure 

Kinetics 

Figures 4 and 5 shows the weight gain per unit area against time for NiAl and 

NiAINdPr respectively; in samples oxidized in air at 800, 900, 1000 and 1100°C for 

a period of 48 hours. In all cases, a parabolic behavior was found and the rate 

constants derived for all temperatures are shown in table 1. 
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The kinetic results confirm the beneficial effect of Nd-Pr addition on the oxidation 

behavior of the NiAl intermetallic alloys. Thus, the weight change observed for 

NiAINdPr at 800, 900, 1000 and 1100°C was negligible (about 0.30, 0.33, 0.56 and 

0.65 mg/cm2, respectively) as compared to that of NiAl at 800, 900, 1000 and 

1100°C (3.50, 6.05, 8.6 and 9.80 mg/cm2, respectively). NiAl specimens showed 

cracking on the scale surface under exposition for 48h. Irrespective of temperature, 

the kinetic constants in this work are about fourteen times below the ones without 

the addition of Nd and Pr, on the oxidation behavior of NiAl intermetallic alloys. 

Thus, according with the present results, the addition of Nd-Pr helps to decrease 

the oxidation kinetics, probably by avoiding massive diffusion of At towards the 

intermetallic/environment interface. 
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Fig.4. Kinetic data for the isothermal oxidation 
of NiAl intermetallic alloy during oxidation in 
air at 800, 900, 1000 and 1100°C for 48h. 

Fig.5. Kinetic data for the isothermal oxidation 
of NiAINdPr intermetallic alloy during oxidation 
in air at 800, 900, 1000 and 1100°C for 48h. 

The parabolic rate constant (Kp) is related to the weight gain (AW/A) and exposure 

time (t) by the following relation: 

(AW/A)2 = Kpt + c (1) 

where c is a constant. The rate constant Kp was obtained from the slope of the 

linear regression-fitted line of (AW/A)2 vs t plot. The rate constants are provided in 

table 1 for the experiments performed in this study. 
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Table 1. Oxidation rate constant kp of NiAl and NiAINdPr intermetallic alloy at 
different temperatures. 
Intermetallic 

Alloys Kp, g2cm'4s"1 Kp, g2cm"V1 Kp, g2cm"V1 Kp, g2cm"V1 

800°C 900°C 1000°C 1100°C 

NiAl 7.95x10"11 2.28x10"10 4.55x10"10 5.50x10"10 

NiAINdPr 5.47x10"13 1.14x1012 1.93x10"12 1.72x10"12 

Fig. 6 shows the change in the experimentally determined values of Kp with the 

temperature for NiAl and NiAINdPr intermetallic alloys respectively. It is a normal 

practice to correlate the overall parabolic rate constant (Kp) and temperature 

through an Arrhenius-type equation: 

Kp = K0exp(-Q/RT) (2) 

Where R is the universal gas constant, Ko the pre-exponential factor. T is the 

absolute temperature and Q is the activation energy. 

8.0 8.8 

104/T, (K-1) 

Figure 6. Activation energy for NiAl and NiAINdPr intermetallic alloys 

The activation energies for this system were QNIAI=81 and Q.NiAiNdPr=50 KJ/mol. 

Babu et al. found an activation energy of 92 kJ/mol for oxidation kinetics of Fe25AI 
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[14]. In all cases it can be seen that the smallest kinetics was found in samples 

with the addition of REEs also the behavior was parabolic, figure 6. 

Morphology 

In the present study, it was clearly observed that the nature of the formed scale on 

the binary intermetallic changed with temperature. This was also evident from 

morphological observations in the SEM after the NiAl specimens had been 

oxidized during 48h (fig. 7), Spalling of scale was more pronounced at the lower 

oxidation temperatures. After oxidation at 800C, the surface oxide morphology 

consisted mainly of granular oxides (fig. 7a) while, after 900°C oxidation crystal 

chains-like scales (extrinsic ridges structure) were observed, (fig.7b), at 1000°C 

oxidation spalling of scales was observed and some plate-like aluminum oxide 

were founded on the top surface (fig.7c) and convoluted morphology during 

oxidation at 1100°C for 48 h (fig. 7d). 

Figure 7. Surface morphologies of NiAl intermetallic alloy oxidized in air at 
 b)900, c)1000andd)1100°C  

a) 800, 

Microalloying of REE's can significantly improve the oxidation resistance of NJ3AI 

based alloy. Compared with REE's-free alloys, the oxidation rate of REE's- 

containing alloys was sharply reduced and slight spallation signs existed on the 

surfaces of oxide scales, Scales were sometimes granular, ridges-like (fig. 8a, b 
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and c) and convoluted during oxidation at 1100°C for 48 h (fig. 8d). To understand 

the function of microalloying constituents during the growth of oxide scales, 

extensive studies have been conducted by many researchers. Graboski and Rehin 

[15] summarized oxidation behavior of metals and alloys implanted with various 

elements. They have found that only implanted yttrium has significant beneficial 

effects on oxidation resistance. Some beneficial effects of additions of Y, Ce, Hf, 

Y2O3, HfO*2, and CeO on the development of protective oxide scales were founded 

by using surface salt-deposit techniques [16] and conventional alloying techniques. 

[17-22] Some other reactive elements, such as Th, Zr and La, also showed some 

influence on oxidation behavior; however, only a few studies were conducted on 

those elements. 
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Figure 8. Surface morphologies of NiaAINdPr intermetallic alloy oxidized in air at a) 
800, b)900, c) 1000 and d) 1100°C 

In fig. 9 is shown the backscattered image of the cross-section of NiAl intermetallic 

alloy oxidized in air at 1100°C during 48h with X-ray maps of Al, Ni and O. In this 

figure it can be seen a great internal oxidation beneath the convoluted AI2O3 oxide. 
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Figure 9. backscattered general view of NiAl alloy oxidized in air at 1100C during 48h 
 with X-ray maps of Al, Ni and O.  

Figure 10 shown the cross-section backscattered general view of NiAl alloy 

oxidized in air at 1100C during 48h and line profile (LP) of Al and O. In this figure it 

can be seen three regions the first one is the internal oxidation front (IOF), the 

second one is an aluminum depleted zone with a 100pm wide and the concentration of 

Al dropped from 30 to 15 wt.%. the third one is matrix region. 
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Figure 10. cross-section backscattered general view of NiAl alloy oxidized in air at 
1100C during 48h and line profile (LP) of Al and O, IOF= Internal Oxidation Front, 

ADZ= Aluminum Denuded Zone, M= Matrix  

There are several potential oxidation reactions, when Ni-AI alloys are kept in 

oxygen-containing environments at elevated temperatures. The formations of these 

oxides (AI2O3, NiO, and NiAI2C>4) are governed by their free energies of formation 

'AG°'; the following reactions are possible [21]: 

2AI+(3/2)02(g) = Al203(s), AG° (J)= -1, 676, 000+3207 (3) 

Ni + 2AI + 202(g) = NiAI204(s), AG°(J) = -1, 843, 550 + 3697 (4) 

Ni + (1/2)02(g) = NiO(s), AG° (J) = -234, 514 + 857 (5) 
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Eqs. (3) and (4) may combine to: 

NiO(s) + 2AI + (3/2)02(g) = NiAI204(s), AG°(J) = -1, 609, 036 + 2847.. (6) 

As the oxidation process continues, equilibrium between the alloy surface and the 

oxide phase is approached and the stability of the oxide nuclei determined by the 

composition of the alloy at the alloy/oxide interface is based on the following 

reactions [7]: 

4AI203(s) = 3Ni = 3NiAI204(s) + 2AI, AG°(J) = -1, 172, 500 + 172.87... (7) 

4NiO + 2AI = NiAI204(s) + 3Ni, AG°(J) = -904, 848 + 29.67 (8) 

Combining Eqs. (7) and (8), we have: 

Al203(s) + NiO(s) = NiAI204(s), AG°(J) = 66, 913 - 35.87 (9) 

The more negative the free energy of a given oxidation reaction the more 

spontaneous the reaction will be and the oxide phase resulting from this reaction is 

said to be more thermodynamically stable. Al203 and NiAI204 are considered the 

most stable oxide phases from the thermodynamic point of view. The alumina may 

form as a result of an oxidation reaction between Al atoms already present at the 

surface or diffuses across an existing oxide layer to react with 02 gas at the oxide- 

gas interface. The NiAI204 may result from either the oxidation reaction between Ni 

and Al or Al and NiO already formed at the surface with the02 gas, respectively. 

Also, the positive AG° of NiAI204 resulting from the chemical reaction between NiO 

and AI2O3 suggest that NiAI204 would decompose to NiO and AI2O3 spontaneously 

[7]. 

The morphological observations and microanalyses suggest that Nd plus Pr have 

an effect on prevention of outward diffusion of cations through the short-circuit 

paths during oxidation, which prevents cavities forming near substrate-oxide 

interface, so that the alloy shows a dramatic improvement in scale adhesion. Nd 

and Pr addition can refine the oxide grains and reduce the formation of nickel or 

spinel oxides in the alumina scale. 
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CONCLUSIONS 

The present work provided a detailed comparison of the oxidation performance of 

Ni3AI with and without Nd and Pr in air in the temperature range of 800-1100°C. 

The results based on specimen weight gain and microstructural characterizations 

indicated that Nd and Pr additions significantly improved the oxidation resistance of 

these alloys. 

The oxidation behavior of a NiAl and NiAINdPr intermetallic alloys in static air at 

800, 900, 1000 and 1100°C followed a parabolic kinetic behavior. 

The kinetic constants for NiAl intermetallic alloys without the addition of Nd and Pr 

were about thirty times higher than those with these elements regardless the 

temperature. 

The activation energies for this system were QNiAi =81 and QNiAiNdPr=50 KJ/mol 

Nd and Pr additions improved the adherence of the a-AI203 scale. 

The morphology of the oxides formed on specimens with and without REEs varies 

significantly from fine-grained, plate-like and ridges-like to convoluted oxide. 

It was found an internal oxidation with an Al depleted region. 
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CHAPTER 6 

HIGH TEMPERATURE OXIDATION BEHAVIOR OF TiAl AND TiAINdPr 
INTERMETALLIC ALLOYS. 

ABSTRACT 

The effect of rare earth elements (REE's) i.e. Neodymium (Nd) and Praseodymium 

(Pr) on the oxidation behavior of a TiAl intermetallic alloy with and without rare 

earths has been evaluated, and its role on the oxidation rate and oxide morphology 

and formation is discussed. Specimens were isothermally oxidized in air at 800, 

900, 1000, and 1100°C for 48 h. It was found that a simultaneous addition 

(<0.03wt.%) of both Nd and Pr, reduced the oxidation rate of the TiAl intermetallic 

alloy. Analysis by scanning electron microscopy (SEM) revealed that the 

morphology of oxides formed on TiAl intermetallic alloy specimens with and without 

REE's was very different. For these alloys mainly, aluminum enrichment at the 

metal/scale interface was observed. 

INTRODUCTION 

There are several potential applications that have been identified for TiAI-based 

alloys in the aerospace, automotive and turbine power generation markets. Aircraft 

engine manufacturers are pursuing the implementation of these alloys in aircraft 

engines. The earliest major work on gamma alloy development was initiated by the 

U.S. Air Force Materials Laboratory. This research, conducted by Pratt and 

Whitney from 1975-1983, recommended Ti-48AI-1V-(0.1C) as the best alloy 

composition based on ductility and creep resistance. The second major 

development program, again initiated by the Air Force and performed by General 

Electric from 1986-1991 identified a second generation of alloys, Ti-48AI-2(Cr or 

Mn)-2Nb with improved ductility, strength, and oxidation resistance [1]. In 1993, GE 

conducted successful engine tests on a full-set wheel of gamma blades, which 

improved overall confidence in the material [1,2]. 
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The initial processing route for fabrication of gamma components was investment 

casting. However, this processing route can lead to fluctuations in the Al content of 

more than ±2 at.-%, leading to a non-uniform microstructure, and a significant 

variation in the mechanical properties [3]. Powder metallurgy (P/M) technologies, 

on the other hand, provide more precise control of composition and microstructure, 

as well as helping reduce fabrication costs [4, 5]. More recently, developments in 

P/M methods and alloying combinations have led to the production of prematerial 

that can be used for sheet rolling [3, 6, 7]. Plansee AG developed an Advanced 

Sheet Rolling Process (ASRP), which allows processing on a conventional hot- 

rolling mill at low rolling speeds, 

producing thin sheet material with homogenous alloy composition [6]. Using this 

patented process, Plansee produces sheets of 1mm thickness which are 

commercially available. In addition, small foils with a thickness down to -150 um 

have been rolled [6]. Recent extensive engine tests of components of TiAI-based 

alloys such as low-pressure turbine blades have revealed that no serious 

limitations exist to aircraft engine applications of TiAI-based alloys [8, 9]. The 

automotive community is pursuing the qualification and introduction of exhaust 

valves and turbocharger turbine wheels of TiAI-based alloys for automotive 

engines. Very recently TiAl turbocharger turbine wheels have started to be used for 

commercial cars of a special type [10]. Thus, these high-temperature structural 

aluminides are entering the first phase of structural applications. 

Intermetallic compound phases identified in Ti-AI alloys, Ti3AI(a2), TiAI(y), AI2Ti and 

A^Ti phases are stable at room temperature and their mechanical properties have 

been investigated using single-phase specimens. TiAI-based alloys with two-phase 

structures consisting of the major y and minor a2 phases are the most intensively 

studied materials among these aluminides and their alloys. There are two reasons 

for this. Firstly, their low density, strength and modulus retention at high 

temperatures, some tensile ductility at room temperature, and reasonably good 

oxidation resistance are very attractive as a new class of light-weight high- 

temperature materials for structural applications. Secondly, TiAI-based alloys can 
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be processed more or less similarly to metals and alloys through conventional 

manufacturing processes such as ingot melting, casting, forging, precision casting 

and machining on almost conventional equipment [8-11]. 

The good oxidation resistance of these materials is based on their ability to 

develop a protective alumina layer (Al203) on their surface in many high- 

temperature environments. Because alloys based on TiAl and Ti3AI form Al203 

during exposure to oxidizing gases, they typically display low oxidation rates when 

compared to iron-based and other alloys that do not form alumina in similar 

conditions. Recent research showed that the rare earth element Y can refine 

microstructure and improve oxidation resistance of TiAl alloys [12-14]. The 

application properties of TiAI-intermetallics based alloys depend not only upon the 

chemical composition of the alloy but also on their structures. The microstructure 

classification of Ti-AI alloys was suggested by Clemens et al. [15]. The structure 

type can be duplex (fine-grained microstructure) or lamellar (fully lamellar and 

nearly lamellar) microstructure. Alloy with the duplex structures inhibits good 

plasticity, however the fully lamellar and nearly lamellar structures are usually 

coarse-grained, which causes that the alloy has good creep resistance, but at the 

same times it results in poor ductility, particularly at room temperatures [15,16]. 

The ductile properties concerned can be achieved by applying various processing 

methods. Components made of TiAl based alloys can be processed by casting, 

hot-working as well as powder metallurgical processing methods [17-18]. 

The heat resistance of these alloys is affected by their operating conditions and the 

composition of the oxidizing environments. Heat resistance is lower in air, rather 

than in pure oxygen. This system from the fact that nitrogen present in air highly 

diffuses into the substrate [19]. 

Construction elements in a device can operate not only in high temperatures, but 

also under conditions that require periodical activation and deactivation. Such 

cyclic oxidation may result in scale spalling and chipping, hence the local or total 
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loss of the protection layer is provided by intact scale. Therefore, cyclic oxidation 

testing has become the basis for developing specifications of materials operating at 

high temperatures. 

The TiAl alloys produced by ingot-metallurgy processes tended to have worse 

oxidation behavior, since they had greater spallation than oxide-dispersion- 

strengthened Titanium aluminides of similar composition. In this work, a study of 

the oxidation behavior of ingot-metallurgy processes titanium aluminides in air has 

been carried out. 

EXPERIMENTAL PROCEDURE 

Ti-40wt.%AI (TiAl) and Ti-40wt.%AI-0.01wt.%Nd-0.01wt.%Pr (TiAINdPr), 

intermetallic alloys were prepared from high purity Ti, Al, Nd and Pr elements 

(99.99%) in an electrical arc furnace using a purified argon atmosphere, from 

which rectangular strips of approximately 1.0 x 0.5 x 0.1 cm size were sectioned. 

The samples were cleaned and degreased. Afterwards, the surfaces were ground 

to 1200 grit paper, rinsed with distilled water and degreased with acetone. Each 

specimen was set on a platinum plate for weight-gain measurements in an 

electronic microbalance (sensitivity 10~6g). Experiments were conducted in an 

atmosphere of air, a fixed temperature of 800, 900, 1000 and 1100°C (+ 2°C) and 

an exposure time of 48 h. The oxidized samples were analyzed using a scanning 

electron microscope (SEM- Jeol JSM-5800LV microscope) coupled with energy 

dispersive x-ray spectroscopy (EDS). These techniques are useful in 

understanding the oxidation phenomena in terms of scale morphology and 

distribution products. 

RESULTS AND DISCUSSION 

Structure and Microstructure 

Figure 1. Shows the binary equilibrium phase diagram of Ti-AI [20]. Most of the 

research has been focused on the Ti-(45-48)AI (at.%) composition, where 

balanced properties of fracture toughness, fatigue life, and tensile strength are 
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achieved. At the binary composition of Ti-47AI the material begins to solidify 

partially in the two-phase region L-»L+p, B being a disordered BCC (body centered 

cubic) phase. The material then goes through a transformation L + B—*L + a, in 

which a is a disordered HCP (hexagonal closed packed) phase. The y and a2 

lamellae in the lamellar microstructures are stacked such that a {111}y plane is 

parallel to (0001)a2 and the closely packed directions on {111}y are parallel to 

those on (0001)a2: However, the [110] direction and the other two [101] and [Oil] 

directions on (111) in the y phase are not equivalent to each other because of the 

tetragonal L10 structure of the y phase [Fig. 2(a)] while directions of <11_20> on 

the basal plane in the a phase (h.c.p.) and a2 phase (hexagonal DO19) are all 

equivalent [Fig. 2(b)]. Thus, when the y phase precipitates from the aparent phase, 

the L10 structure can be formed in six orientation variants corresponding to the six 

possible orientations of the [110] direction along a reference <11_20> direction of 

the a phase and thus of the a2 phase [21]. 
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Figure 1. Equilibrium phase diagram of TiAl (20) Fig. 2. Crystal structures of the (a) 
L10and (b) D019 types.  

Figure 3, shows the typical microstructure of the alloy as cast ingots. Both ingots 

have a lamellar microstructure, which is characteristic of cast y+a2 alloys and is 

represented by alternating y and a2 lamellae. Microstructure of the TiAl 

intermetallic alloy without REEs (Fig. 3a) has irregularly coarse grains with some 
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needle-shaped precipitates. Besides, microstructure of the TiAINdPr as cast alloy 

with REE's presented a quite different morphology with small grain size needle- 

shaped precipitates (Fig. 3b). 

A 

r 
>i i 

Figure 3. Some aspects of the TiAl and TiAINdPr intermetallic alloys as cast 
microstructure 

Kinetics 

Figures 4 and 5 shows the weight gain per unit area against time for TiAl and 

TiAINdPr respectively; in samples oxidized in air at 800, 900, 1000 and 1100°C for 

a period of 48 hours. In all cases, a parabolic behavior was found and the rate 

constants derived for all temperatures are shown in table 1. 

The kinetic results confirmed the beneficial effect of Nd-Pr addition on the oxidation 

behavior of the TiAl intermetallic alloys. Thus, the weight change observed for 

TiAINdPr at 800, 900, 1000 and 1100°C was negligible (about 0.33, 0.41, 0.57 and 

0.70 mg/cm2, respectively) as compared to that for TiAl at 800, 900, 1000 and 

1100°C (4.50, 8.07, 23.40 and 36.30 mg/cm2, respectively). Regardless the 

temperature the kinetic constants in this work were about forty times lower for the 

alloys without the addition of Nd and Pr, on the oxidation behavior of TiAl 

intermetallic alloys. Thus, according with the present results, the addition of Nd-Pr 

helped to decrease the oxidation kinetics, probably by avoiding massive diffusion 

of Al towards the intermetallic/environment interface. Values of kp were calculated 

from plots of square weight-change data versus time. Activation energy for were 

determined from the plot of parabolic rate law constants (kp) in an Arrhenius 
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diagram. The weight gain per unit area as a function of time, i.e. (AW/A) versus t, 

constituted the primary data and curves are shown in fig.4 and 5 for TiAl and 

TiAINdPr respectively. The parabolic rate law was first considered as the basis of 

data processing and interpretation of results in this research work. 
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Fig.4. Kinetic data for the isothermal oxidation 
of TiAl intermetallic alloy during oxidation at 
800,900, 1000 and 1100°C for 48h. 

Fig.5. Kinetic data for the isothermal oxidation 
of TiAINdPr intermetallic alloy during oxidation 
at 800, 900, 1000 and 1100°C for48h. 

The parabolic rate constant (Kp) is related to the weight gain (AW/A) and exposure 

time (t) by the following relation: 

\2 _ (AW/A)' = Kpt + c (1) 

where c is a constant. The rate constant Kp was obtained from the slope of the 

linear regression-fitted line of (AW/A)2 vs t plot. The rate constants are provided in 

table 1 for the experiments performed in this study. 

Table 1. Oxidation rate constant kp of TiAl and TiAINdPr Intermetallic alloys at 
different temperatures. 
Intermetallic 

Alloys Kp, g2cm"V1 Kp, g2cm"V1 Kp, g2cm"V1 Kp, g2cm-V 

800°C 900°C 1000°C 1100°C 

TiAl 1.01x1fJ-10 3.78x10'10 3.25x1 CT9 9.50x10"9 

TiAINdPr 6.78x10'13 9.32x1 0"13 3.08x1 cr12 3.12x10"12 
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Fig. 6 shows the change in the experimentally determined values of Kp with the 

temperature for TiAl and TiAINdPr intermetallic alloys respectively. It is a normal 

practice to correlate the overall parabolic rate constant (Kp) and temperature 

through an Arrhenius-type equation: 

Kp = K0exp(-Q/RT) (2) 

Where R is the universal gas constant, Ko the pre-exponential factor. T is the 

absolute temperature and Q is the activation energy. 

The activation energies for this system were QTIAI=193 and Q-nAiNdPr=71 KJ/mol. 

Babu et al. found an activation energy of 92 kJ/mol for oxidation kinetics of Fe25AI 

[22]. The activation energy values collected from the present kinetics data are in 

agreement with Babu's values. 
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Figure 6. Activation energy for TiAl and TiAINdPr 

Morphology 

In the present study, it was clearly observed that the nature of the formed scale on 

the binary intermetallic alloy do not presented changed with temperature. This was 

also evident from morphological observations in the SEM after the TiAl specimens 

had been oxidized during 48h (fig. 7). The oxidation characteristics of titanium 

aluminides at high temperatures are a major concern. In general, unlike Ni-AI 
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alloys, a protective AI2O3 layer does not form on all the Ti-AI alloys because both Ti 

and Al form oxides of very similar stability. Aluminum forms a very slow growing a- 

Al203), while titanium forms several oxides (TiO, Ti02, Ti203> etc.), which have 

relatively high growth rates. It has been observed that a protective continuous layer 

of alumina is formed on Ti-AI alloys containing more than the stoichiometric 

amount of Al. TiAI3 is the only compound on which a protective, continuous a-AI203 

was found to exist over a wide temperature range. [23-26] A nonprotective TiO 

was found to be the major oxide constituent on the surface of Ti3AI at elevated 

temperatures.[27,28] In the case of a TiAl stoichiometric compound, Ti-rich scales 

were formed at elevated temperatures resulting in an increase in the parabolic rate 

constant [27] by several orders of magnitude. Meier et al.[29] studied the oxidation 

behavior of TiAl in air and oxygen and observed that TiAl does not form a 

protective layer of a-AI203 but forms scales composed of Ti02 and Al203. Their 

results indicate that the alloys in the Al-rich portion of the TiAl field formed a 

protective layer over the temperature range 1100°C to 1300°C. 

In this study, isothermal oxidation of Ti-40 wt.%AI alloy was studied in air over the 

temperature range of 800 to 1100°C. Oxidation rate constants were obtained from 

the weight gain curves using the parabolic law. The oxidation product was a 

mixture of Ti02 and Al203 at 900, 1000 and 1100°C. While, after 800°C oxidation 

the external scale was formed of aluminum oxide. The rate of oxidation was rapid 

at 1000 and 1100°C for TiAl intermetallic alloys without REE's. 
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Figure 7. Superficial morphologies of TiAl intermetallic alloy oxidized in air at a) 800, b) 
 900, c)1000, d)1100°C  

Microalloying of REE's can significantly improve the oxidation resistance of TiAl 

based alloy. Compared with REE's-free alloys, the oxidation rate of REE's- 

containing alloys was sharply reduced and not spallation signs existed on the 

surfaces of oxide scales. Scales were always granular-like (fig. 8a to d) at all the 

temperatures. 

Figure 8. Superficial morphologies of TiAINdPr intermetallic alloy oxidized in air during 
 48h at a) 800, b) 900, c) 1000, d) 1100°C  
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Figure 9 present the cross-section backscattered electron image (BEI) for TiAINdPr 

intermetallic alloy oxidized in air at 1100°C during 48h. Also, it can be seen that the energy 

dispersive spectrums (EDS) for O, Al and Fe have a concentration change trough the 

cross-section and the grey dark precipitates were aluminum oxides and the grey light were 

Ti02. 
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Figure 9. General backscattered cross-section of TiAINdPr intermetallic alloy oxidized 
 in air at 1100°C during 48h and EDS spectrums.  

CONCLUSIONS 

The present work provided a detailed comparison of oxidation performance of TiAl 

with and without Nd and Pr in air in the temperature range of 800-1100°C. The 

results based on specimen weight gain and microstructural characterizations 

indicated that Nd and Pr additions significantly improved the oxidation resistance of 

these alloys. 
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The oxidation behavior of a TiAl and TiAINdPr intermetallic alloys in still air at 800, 

900, 1000 and 1100°C, followed a parabolic kinetic behavior. 

The kinetic constants for TiAl intermetallic alloys without the addition of Nd and Pr 
were about forty times higher than those with these elements regardless the 
temperature. 

The activation energies for this system were QTJAI=193 and Q-nAiNdPr=71 KJ/mol 

Nd and Pr additions improved the adherence of theTi02 and a-AI203 scale. 

The morphology of the oxides formed on specimens with and without REEs does 
not vary in shape, However, the sizes have been changed with the temperature. 
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CHAPTER 7 

CORROSION BEHAVIOR OF ALLOY 718 IN MOLTEN SALTS AT HIGH 
TEMPERATURE 

ABSTRACT 

The corrosion behavior in molten salts of Inconel 718 (IN 718) superalloy was 

investigated by Electrochemical Impedance Spectroscopy (EIS). The corrosion test 

temperatures used were salt melting points of Na2S04, 80V2O5-20Na2SO4, NaV03 

and natural ash (collected in a power plant). Different experimental runs were 

made attempting to establish the material behavior. The results showed that the 

corrosion process was controlled by activation and in some cases by diffusion. The 

aggressiveness of the salts increased with temperature, as indicated for the 

corrosion rates values derived. On the whole, the corrosion rates were somewhat 

similar at the lowest test temperatures. However at 588°C the 80V2O5-20Na2SO4 

salt showed a much higher corrosion rate than that recorded for Na2S04 or natural 

ash. The results obtained from electrochemical measurements correlated well with 

those corrosion degradation observed by SEM, and comments on the behavior 

found are made. 

INTRODUCTION 

It is widely recognized that high temperature corrosion is a major cause of 

materials degradation in industrial processes involving gases or molten salts at 

high temperature. Apart from the traditional weight change technique to evaluate 

the degree of deterioration, good progress has been done by using electrochemical 

techniques. Electrochemical impedance spectroscopy (EIS) is technique which has 

been widely used in the study of aqueous corrosion, and has proved effective in 

determining and understanding reaction mechanisms and kinetics of corrosion 

processes. Only a limited number of EIS investigations conducted durnig 

molten-salt corrosion have been reported [1-11]. 
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Farrell et al. [1] have employed the impedance technique to study the corrosion 

behavior of Nimonic 75 in Na2S04 and in Na2S04-1%NaCI at 750°C and 900°C. 

They observed that the shape of the impedance spectra has the characteristics 

of a diffusion-controlled reaction, which results because of the separation of the 

specimen from the gaseous environment by sample exposure to molten salts. 

By comparing the impedance at a fixed low frequency (50 mHz), the authors 

concluded that the corrosion rate was higher at 900°C than at 750°C or when 

sodium chloride was added to sodium sulfate. Gao et al. [2] also used this 

technique to ascertain the corrosion rate of Ni-Co alloys in Na2S04 +10%NaCI. 

They observed a decline in the double layer resistance due to spallation of the 

oxide scale. Wu and Rapp [3] studied the hot corrosion of preoxidized Ni by a 

thin-fused Na2S04 film at 1200°K (927°C) in a catalyzed 0.1%SO2-O2 gas 

mixture. By varying the specimen purity and preoxidation conditions for Ni, three 

distinct features of hot corrosion (passive, pseudo-passive, and active) were 

observed. Wu [5] further measured the double-layer capacitance at the 

preoxidized Ni/fused Na2S04 interface. Similarly Wu et al. [4] have evaluated 

the corrosion resistance of commercial alloys in a Na2S04-Li2S04 salt mixture at 

700°C by EIS and by weight loss, finding some degree of correlation among the 

techniques used. Wu [5] measured the double-layer capacitance at the 

preoxidized Ni/fused Na2S04 interface. Recently, Zeng et al. [6], have proposed 

four electrochemical impedance models for the responses of Pt, NJ3AI and FeAl 

in molten-salt systems at the open-circuit potential. Zeng [6] concluded that for 

Pt in molten (Li, K)2C03 at 650°C the charge transfer was the rate limiting 

process; the corrosion of Ni;jAI in (Li, Na, K)2S04 at 700°C presented 

characteristics of a diffusion-controlled reaction owing to the formation of non- 

protective scale, and for FeAl, the data presented different behavior with time, 

initially being influenced by a diffusion rate-controlling process from the 

observance of double capacitance loops at the beginning due to formation of 

protective scale. In this work, the hot corrosion resistance of IN 718 was 

evaluated by EIS from 588°C to 900°C in order to ascertain the possible 

mechanisms controlling the rate of corrosion processes in Na2S04, 80V2O5- 

20Na2SO4, NaV03, and natural ash. 
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EXPERIMENTAL METHOD 

Test samples of IN 718 alloy were prepared from a stock of mill-certified IN 718 

rod (see Table I for alloy composition). Cylindrical specimens of 7mm diameter 

and 15 mm length were cut and polished with grit paper up to grade 800. The 

samples were then degreased well with acetone and then rinsed with ethanol. 

After drying, the specimens were stored in polyethylene zip-lock bags. The 

details of the experimental set-up for the electrochemical cell used in this work 

are given elsewhere [7]. Basically, the cell is composed of a quartz crucible 60 

mm in height and 21.6 mm in internal diameter. Important elements here are: a) 

a reference electrode made of a platinum wire of 0.5 mm in diameter inside a 

quartz tube in contact with the molten salt of study (several other reference 

electrodes systems were tested, but this one gave the best stability response); 

b) an auxiliary electrode made of a platinum wire of 0.5 mm in diameter inside a 

mullite tube and filled with a refractory cement, and c) a IN 718 working 

electrode inside a mullite tube and filled with the same cement. In order to 

obtain electrical contact with the IN 718 working electrode a stainless steel wire 

(sheathed in the mullite tube) was spotwelded. A thermocouple sheathed with a 

quartz tube was immersed inside the test environment to monitor the 

temperature of each test. The corrosive atmosphere in the sealed cell was 

composed of Na2S04, 80V2O5-20Na2SO4, NaV03, or natural ash with melting 

points of 892°C, 587°C, 629°C and 756°C, respectively (see table II) and static 

air. A furnace capable of reaching 1100°C was used for all the tests. Impedance 

measurements were taken 0.5 hours after the corrosion potential was stabilized. 

The range of used frequencies was from 10 KHz up to 0.001 Hz, and the 

amplitude wave of excitement signal was of ±10 mV with respect to the free 

corrosion potential. The temperatures used were 892°C, 587°C, 629°C and 

756°C. After exposure to the environment, selected specimens were mounted 

and polished to be observed and analyzed in the Scanning electronic 

microscope (SEM). 
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Ni Cr Fe Nb Mo        Ti         Al Mn Si Cu c 
54.21 19.13 17.64 4.50 3.09     0.85   I 0.21 

I            I 
0.05 0.25 0.03   | 0.04 

Table I. Chemical composition of 718 alloy (% wt) 

Salts Melting Point 

Na2S04 892°C 

NaVOa 629°C 

80 wt%V2O5-20 wt%Na2S04 587°C 

Natural Ash (V205, Na2O.V204.5V205 and 

NaV6015) 
756°C 

Table II. Melting point of the work salts 

RESULTS AND DISCUSSION 

Figure 1 shows the electrical resistivity, Re, of Na2S04, NaV03, 80V2O5- 

20Na2SO4, and natural ash as a function of temperature. The Re values fall 

sharply when the temperature is increased from 500°C to 900°C. Above 750°C 

the resistivity was constant with a value of about 5 k-ohms. It is known that the 

lower the resistivity the higher the conductivity. This is important in order to 

obtain good electrical response. 
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Figure 1. Resistivity of Na2S04, NaV03, 80V2O5-20Na2SO4 and natural ash a function 

of temperature 

The test salts (Na2S04, NaV03, 80V2O5-20Na2SO4, and natural ash) were 

identified by X-ray diffraction with the X-ray diffractometer Siemens D5000. This 

analysis was carried out at the respective melting point temperatures, and at 50 

°C below each respective melting point of the relative salt. The aim of the X-ray 

diffraction was to identify the possible compounds that are generated at high 

temperatures for each salt and discern which compounds are more aggressive. 

Figure 2 shows the diffraction patterns and the identified compounds after 

heating salts under static air in the range of temperature of this study. 

Intensities correspond to compounds with a great variety of stoichiometries, as 

is shown in table III. In the case of NaV03, 80V2O5-20Na2SO4 and natural ash 

salts Intensities correspond to compounds of stoichiometry of Na2OV204V205 

and 5Na2OV204-11V205.. In previous studies, it has been demonstrated that 

the corrosiveness shown by the different types of vanadates compounds is a 

function of its oxygen absorption capacity [8,12], Particularly, two identified 

phases, Na2OV204V205 and 5Na2OV204HV205 are found among the 

vanadium compounds with the greatest oxygen absorption capacity as it is 

observed of the results of Greenert [14]. Cunningham and Brasunas [13], who 

reported that the Na2OV204V205 compounds are more corrosive than the 
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5Na20V204HV205. Thus, the presence of these compounds will increase the 

corrosiveness of the salt. 
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Figure 2. X-ray diffraction of the salts of work 
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Table III. Compounds found on the work salts at different temperatures. 

Salt Temperature 

°C 
Compounds 

Na2S04 

842 Na2(S03), Na20, NaS2, Na2(S04) 

892 Na20, NaS2, Na2(S04), Na2S04 

NaV03 

579 Na(V03), V6013, Na20 

629 Na(V03), Na20, NaV03,Na4V207 

80V2O5-20Na2SO4 

537 NaV6015, Na(V6On), Na2S205, Na4V207 

587 
NaV02, NaV6015, Na(V6On), 

5Na2O.V204.11 V205,Na3V04,V1603 

Natural Ash 

706 Fe0.1iV2O5.i6,Na3VO4>Na0.33 V205 

756 
NaV6015, Fe0.iiV2O5.i6, Fe0.75V0.75V0.5O4, 

Fe012V2O5, NaV308,Nao.33Vo.33V167 

Fig.3 a) shows the Nyquist plots obtained for IN 718 in pure Na2S04 at the 

different temperatures. At 50° C below the melting point, 842° C, a capacitive- 

like, depressed semicircle can be observed at high frequencies but at low 

frequencies both the real and imaginary parts describe a straight line, indicating 

that the corrosion process is under a mixed control: by charge transfer at high 

frequencies, and by diffusion control at low frequencies, diffusion of the 

aggressive species through the salt layer which is not melt. As the salt 

temperature is increased, the impedance data describe depressed, capacitive- 

like semicircles, with their axis in the real axis, and with their diameter 

decreasing as the temperature increases. This is due to the fact that at these 

temperatures the working salt is melted, so the diffusion of ions through it is 
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much easier and their transport is the rate controlling step and there is now an 

increased mobility of ionic charge carriers [8].The diameter of the semicircle is 

associated with the polarization resistance and thus the corrosion rate. The 

larger the semicircle diameter, the lower the corrosion rate. Thus, we can see 

that the corrosion rate increases with temperature. On the other hand, Fig. 3 b) 

shows the Bode diagram in the Phase angle-frequency format. It can be seen 

that there is one peak at 1000 Hz for 842 and 942°C and at 100 Hz for 892°C. 

The presence of only peaks means that no protective film is formed at any 

temperature and this is the reason of the increase in the corrosion rate with 

temperature. 
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Fig.3 -Impedance diagram for IN 718 immersed in Na2S04 at different temperatures in 
 the a) Nyquist and b) Bode representation  

Fig. 4 a) shows the impedance data in the Nyquist format for IN 718 superalloy 

exposed to NaV03 at its melting temperature (629°C), 579 and 679°C.This 

figure shows that the impedance data describe capacitive-like, depressed 

semicircles, with its axis in the real axis. The semicircle diameter decreases as 

the temperature increases, indicating that the corrosion rate increases with 

temperature. The shape of the semicircle indicates that the corrosion process is 

under charge transfer control. The Bode diagram in this case, Fig.4 b), shows 

only one peak around 300 Hz regardless the working temperature, indicating 
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that there is not the formation of a protective layer, since, in this case, a second 

peak should have been observed at a different frequency. 
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Fig.4 -Impedance diagram for In 718 immersed in NaV03 at different temperatures in 
 the a)Nyquist and b) Bode representation.  

When superalloy IN 718 was exposed to the 80V2O5+20Na2SO4 mixture at its 

melting temperature (587°C) 637 and 687°C, the Nyquist data describe, once 

again, capacitive-like, depressed semicircles, with its centre in the real axis, Fig. 

5 a). Dislike the previous cases, this time the semicircle diameter increased 

when the temperature increased, indicating that the corrosion rate decreased 

with temperature. The Bode diagram, Fig. 5 b), showed only one peak around 

300 Hz at 537°C, but at 637 and 687°C, there seems to be a superposition of 

two peaks: one at 300 Hz and another one around 1 Hz. The existence of two 

peaks means that a protective salt layer has been formed on the alloy surface, 

which could explain the increase in the semicircle diameter in the Nyquist 

diagrams, and thus, a decrease in the corrosion rate as temperature increases. 
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Fig.5 -Impedance diagram for IN 718 immersed in the 80V2O5-20Na2SO4 mixture at 
 different temperatures in the a)Nyquist and b) Bode representation.  

Finally, Fig. 6 a) shows the Nyquist diagram for In 718 exposed to the natural 

ash at 706, 756 (meeting point) and 806°C. It can be seen that, at 706, 756°C, 

the data describe a small, high frequency, capacitive-like semicircle and a large 

low frequency semicircle, with their centers at the real axis and with diameter 

decreasing with the temperature. The emergence of a large capacitive low 

frequency semicircle may be related to the formation of a protective scale on 

the alloy surface. At 806°C, only a semicircle is observed. Thus, it can be seen 

that the corrosion rate decreases as the temperature increases. The Bode 

diagram, Fig. 6 b), showed only one peak around 300 Hz at 537°C, but at 637 

and 687°C, there seems to be a superposition of two peaks: one at 300 Hz and 

another one around 1 Hz. The existence of two peaks means that a protective 

salt layer has been formed on the alloy surface, which could explain the 

increase in the semicircle diameter in the Nyquist diagrams, and thus, a 

decrease in the corrosion rate as temperature increases. 
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Fig.6 -Impedance diagram for In 718 immersed in natural ash at different 
 temperatures in the a)Nyquist and b) Bode representation.  

Electric circuits can be used to simulate impedance data. Thus, the following 

elements are to be expected in the equivalent circuit model: Rf represents the 

resistance of the salt layer, Cf is its capacitance in parallel; Rct represents the 

charge transfer resistance; W represents the Warburg impedance and C<JI 

represents the double layer capacitance; finally, Rs represents the salt 

resistance. However, one has to account for the inhomogeneity of the salt film 

coating system. When a non-ideal frequency response is present, it is 

commonly accepted to employ distributed circuit elements in an equivalent 

circuit. The most widely used is constant phase element (CPE), which has a 

non-integer power dependence on the frequency. The impedance of a CPE is 

described by the expression: 

ZCPE = Y"n (iw) (D 

where Y is a proportional factor, j is V-1, w is 2nf and n has the meaning of a 

phase shift [15]. Often CPE is used in a model in place of a capacitor to 

compensate for non-homogeneity in the system.  This created the overall 

equivalent circuit model shown in Figure 7 
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Figure 7. Equivalent electric circuits to simulate the EIS results for IN 718 exposed to 

molten salts when the corrosion process is a) under charge transfer control, b) when it 

is under charge transfer and diffusion control, and c) when the alloy is covered with a 

protective salt layer. 

Table 4. - Circuit parameters used for the simulation of the impedance data. 

Salt Temperature           Rs               Ret           r   ,Fv 
(°C)          , L*cm2)      L*cm2)         a,( ' 

Na2S04 842                  8.16            311.0        0.00906 

Na2S04 892 1.09 145.8          0.012 

Na2S04 942 0.62            48.8           0.173 

NaVOa 579 2.30            193.0          0.044 

NaVOa 629 2.32 34.7            0.051 

NaV03 679 1.41             23.7            0.118 

80 wt%V 2O5+2O 
wt%Na2S04 

537 2.62             3.25            0.021 

80 wt%V 2O5+20 
wt%Na2S04 

587 1.30              3.3              0.14 

80wt%V2O5+20 
wt%Na2S04 

637 1.91 5.4 0.647 

Natural Ash 706 5.89             4.1 3.74 
Natural Ash 756 6.39 4.9 7.23 

Natural Ash                        806                 9.21              6.5            0.157 
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Figure 8 shows a micrograph of IN 718 corroded in pure Na2S04 at 892°C 

together with elemental energy dispersive spectroscopy (EDS) mappings of Cr, 

O, Fe, Ni and S. It can be noticed that Cr and O are mainly distributed outside 

the alloy, perhaps forming a chromium oxide, Cr203 layer, and that sulphur has 

penetrated into the alloying, producing internal sulphides. Something very 

similar can be observed for IN 718 exposed to the natural ash at 756°C, Figure 

9, where the distribution of Cr and O outside the alloy is evident, forming, 

perhaps, a Cr203 later, which has been dissolved by the molten ash, since the 

presence of vanadium inside the alloy is notorious. 

Figure 8. SEM image of IN 718 corroded in Na2S04 at 892 °C and EDS 

map of Cr, O, Fe, Ni and S. 

As it can be seen on the X-ray mappings shown on Fig. 9, this oxide layer 

corresponds to a corrosion product formed mainly by O, Cr and V, and it may 

be to a compound including chromium oxide Cr203, the most common oxide 

found in Cr-containig alloys at high temperature, and a V-containing compound. 

Because the corrosion reactions in molten salts are controlled by a process of 

oxidation of the metal and reduction of the salts, the relative activity of the 

molten salts with the metal is important, since the corrosion potential of the 

metal frequently is controlled by the impurities in the molten salt or gas phase, 
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which increases the rate of cathodic reaction or in the change of the basicity or 

acidity of the molten mixture. These could make the dissolution of the adherent 

scale on the metal. The dissolution can be taken by two mechanisms, either by 

local dissolution or by selective dissolution of the different components of the 

oxide. In the first case, the growth of the protective oxide will be smaller than in 

the case of gas corrosion, and the resulting corrosion rate will be bigger. For the 

other case, if selective dissolution takes place, then the structure and integrity of 

the scale is damaged by the loss of some elements or components and it is 

manifested with cracking and spalling of the scale. 

Figure 9. SEM image of IN 718 corroded in Natural ash at 756°C and EDS maps of Cr, 

O, Fe, Ni and V 

For Cr, the main compounds included both chromium vanadates and chromium 

oxides, but some other compounds were found such as Fe203 and NiO. These 

compounds could have been formed according to next equations: 

Fe203+2 NaV03 =   2 FeV04   +   Na20 

3NiO+2NaV03=Ni3(V04)2+   Na20 

Cr203+2NaV03=2CrV04+ Na20 

(2) 

(3) 

(4) 
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where the main ion is metavanadate (V03"), which comes from the dissolution 

of NaV03. However, when V205 is the corrosive agent, the metavanadate ion is 

present and the dissociation of V205 is according to: 

M203+V205   =   2MV04 (5) 

Based on this, the dissolution of protective oxides can be explained as: 
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O V 
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o // 
V—O—M=0 

Thus, the dissociation of V2O5 allow us to explain the increase in the corrosion 

rate due to the fact that the epecies envolved in the corrosion process are 

metavanadate ions, produced by the dissociation of NaV03 according to 

equations 2, 3 and 4, which do not depend upon the salt basisicty, and 

metavanadate ions and VCV cation due to the dissociation of V2O5 according 

to equation 5, which do not depend upon the salt basicity. These dissolution 

reactions could have been destroyed the formed oxides on the alloy surface 

and induced its destruction at high temperatures. The presence of Na2S04 

changes the salt basicity, since this salt has two components: Na20 (basic) and 

SO3 (acidic), the melting point of the mixture, and the corrosion rate. In addition, 

the presence of sulfur increases the corrosion rate since now there is a new 

phenomenon, the sulfidation of the alloy. Na2SC>4 dissolves any formed oxide, 

either by basic or acidic dissolution, releasing sulfur, which penetrates into the 

metal, producing internal sulfidation, increasing the corrosion rate. 

Based on the above analysis, the corrosion process of IN 718 superalloy into 

the molten salts may be summarized as follows: the hot corrosion occurred by 
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oxidation of Ni and Cr at the anodic site and formed Ni2+ (NiO) and Cr3+ (Cr203) 

ions, while at the cathodic site 02 is reduced to O2" and V5+ to V4+. Metal ions 

like Ni2+ and Cr3+ react with the oxide ions to form the metal oxides. As a result, 

the oxygen concentration was increased at the surface of the metal and then 

oxygen diffused inward and formed oxides. Metal oxides detected by X-ray 

diffraction is a clear indication of electrochemical reactions during the hot 

corrosion process. The presence of VO2 indicates that vanadium has been 

reduced from V5+ in the NaV03 salt to V4+, and it is a strong evidence that the 

proposed cathodic reaction is taking place, and, therefore It proves, again that 

hot corrosion of IN 718 alloy is electrochemical in nature. Probably the Cr203 

layer reacted with V and formed a compound, to which Cox and Rox represents. 

In a series array, a smaller semicircle in the Nyquist plot at high frequency was 

associated to the alloy corrosion resistance mainly due to activity in the metal 

scale interface (given by Cdi in parallel with Rt). 

CONCLUSIONS 

The Nyquist plots, in general, present processes in which the activation, charge 

transfer mechanism was dominant, with the exception of Na2S04 at 842°C and 

679°C for NaV03 where, in addition to the activation there is also diffusion. 

The least aggressive salt was the synthetic Na2S04 salt at temperature of 

experimentation, while the most aggressive was in the presence of 8OV2O5- 

20Na2SO4 salt. 

The corrosion rate in Na2S04 and NaV03 increases with increasing temperature 

around the melting point. 

By contrast, in 80V2O5-20Na2SO4 and natural ash, as the temperature rises 

around the melting point, the corrosion rate decreases. This is due to a change 

in the basicity or acidity of the salt due to the presence of different ions (V03", 

Na20, S03, etc.) which increase the salt corrosivity. 
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